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Tumor vaccines trigger tumor-specific immune responses to prevent or treat tumors by activating the hosts’
immune systems, and therefore, these vaccines have potential clinical applications. However, the low immu-
nogenicity of the tumor antigen itself and the low efficiency of the vaccine delivery system hinder the efficacy of
tumor vaccines that cannot produce high-efficiency and long-lasting antitumor immune effects. Here, we con-
structed a nanovaccine by integrating CD47KO/CRT dual-bioengineered B16F10 cancer cell membranes and the
unmethylated cytosine-phosphate-guanine (CpG) adjuvant. Hyperbranched PEI25k was used to load unmethy-
lated cytosine-phosphate-guanine (CpG) through electrostatic adsorption to prepare PEI25k/CpG nanoparticles
(PEI25k/CpG-NPs). CD47KO/CRT dual-bioengineered cells were obtained by CRISPR-Cas9 gene editing tech-
nology, followed by the cell surface translocation of calreticulin (CRT) to induce immunogenic cell death (ICD) in
vitro. Finally, the extracted cell membranes were coextruded with PEI25k/CpG-NPs to construct the CD47KO/
CRT dual-bioengineered cancer cell membrane-coated nanoparticles (DBE@CCNPs). DBE@CCNPs could promote
endocytosis of antigens and adjuvants in murine bone marrow derived dendritic cells (BMDCs) and induce their
maturation and antigen cross-presentation. To avoid immune checkpoint molecule-induced T cell dysfunction,
the immune checkpoint inhibitor, the anti-PD-L1 antibody, was introduced to boost tumor immunotherapy
through a combination with the DBE@CCNPs nanovaccine. This combination therapy strategy can significantly
alleviate tumor growth and may open up a potential strategy for clinical tumor immunotherapy.

1. Introduction

Tumor vaccines can facilitate immune system recognition and
elimination of tumor cells by inducing antitumor-specific immune re-
sponses. In recent years, a good progress has been made in clinical
practice [1,2]. Scientists have identified many tumor-specific antigens
(TSA) that are used to generate tumor vaccines [3,4]. However,
personalized vaccines show unique advantages due to the diversity of
tumor antigen epitopes between individuals [5]. Moreover, tumor cells
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often experience high mutation rates, which may result in the loss of one
or more antigenic sites, and therefore, it is ideal to design vaccines that
are directed against multiple epitopes [6]. A patient’s autologous whole
tumor cell antigen has the unique advantage of enabling dendritic cells
to process and present a large number of tumor antigens, which triggers
powerful polyclonal T cell responses to prevent tumor immune escape
[7]. However, tumor cells evade immune surveillance by highly
expressing immunosuppressive molecules that downregulate their
immunogenicity [8,9]. Therefore, improving APCs’ recognition and
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uptake of whole tumor antigens is a key issue for its application as tumor
vaccine.

CDA47 is a transmembrane protein that is overexpressed on the sur-
face of a variety of tumor cells. It can bind to signal-regulatory protein
alpha (SIRPa) in myeloid cells and sends a “do not eat me” signal to
avoid clearance by the immune system [10]. Blocking this pathway can
promote the uptake of tumor cells by APCs, which is conducive to the
presentation of tumor antigens [11]. Recently, researchers have devel-
oped CD47 antibodies that inhibit the CD47-SIRPa immune checkpoint
pathway [12,13]. However, according to clinical data, CD47 antibodies
may induce systemic side effects, including the accumulation or clear-
ance of red blood cells [14]. Therefore, developing a safer and more
efficient method to block CD47 is needed to improve the immunoge-
nicity of tumor-associated antigens. However, blocking this signal alone
cannot effectively promote the recognition of multiple antigens on the
membrane surface by the immune system [15]. The main reason is the
requirement of an “eat me” signal that guide antigen-presenting cells to
perform phagocytosis. Preclinical studies have found that in addition to
their original antitumor effects, chemotherapeutic drugs such as
anthracyclines or taxanes, also induce the release of many immune
stimulating signals by inducing immunogenic cell death (ICD) [16].
These signals can promote the endocytosis of tumor-associated antigens
by phagocytes and stimulate the host to produce antitumor immune
responses [17]. ICD typical biochemical characteristics are calreticulin
(CRT) cell membrane translocation and the release of high mobility
group box 1 (HMGB1) and adenosine triphosphate (ATP) [18,19]. It is
particularly noteworthy that the translocated CRT can interact with its
receptors on the surface of DCs and send “eat me” signals to promote
antigen phagocytosis, which activates natural and adaptive immunity
[20]. Thus, CD47 and CRT are a group of positive and negative signaling
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molecules that improves cell immunogenicity.

In addition, the inactivation of tumor infiltrating T cells is an
important factor affecting the effect of immunotherapy [21]. Typically,
tumor cells counteract immune cell clearance by upregulating PD-L1
expression [22,23], while also secreting exosomes to suppress naive T
cell activation and effector T cell function [24,25]. Therefore, the
commonly used strategy in combination therapy is the activation of
tumor-specific effector T cells using tumor vaccines while also main-
taining their antitumor capacity through an immune checkpoint
blockade (ICB) strategy [26,27].

In this study, we designed a therapy strategy using a CD47KO/CRT
dual-bioengineered cell membrane-coated nanovaccine combined with
anti-PD-L1 antibody for boosting tumor immunotherapy. The CD47-
SIRPa tumor phagocytosis checkpoint was knocked out in vitro using the
CRISPR-Cas9 gene editing technology. The ICD of CD47 knockout tumor
cells was induced by mitoxantrone in vitro. Then, cell membranes
expressing “eat me” signals were extracted from these CD47KO/CRT
dual-bioengineered tumor cells. The core of the nanovaccine was con-
structed by hyperbranched PEI25K that were loaded with unmethylated
CpG adjuvant through electrostatic adsorption. CpG is an immu-
noadjuvant with a strong immunostimulatory ability that can be
recognized by Toll-like receptor 9 (TLR9) in the APCs’ endosomes [28].
The nanovaccine were prepared by coating CD47KO/CRT
dual-bioengineered tumor cell membranes on immune adjuvant nano-
particles (PEI25k/CpG) by physical extrusion. The nanovaccine effi-
ciently stimulated APCs, resulting in the stimulation of tumor-specific
effector CD8" T cells which generate a powerful anti-tumor immune
response. In melanoma mice, the nanovaccine was further used in
combination with an immune checkpoint anti-PD-L1 antibody to further
block the immunosuppressive effect of the tumor tissue on T cells. This
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Scheme 1. Graphical figure showing the idea underlying the construction of the CD47KO/CRT dual-bioengineered cell membrane-coated nanovaccine and their

anti-tumor therapeutic strategy in combination with an anti-PD-L1 antibody.
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method led to satisfactory tumor suppression effects in tumor preven-
tion and treatment models (Scheme 1). This study provides a personal-
ized nanovaccine preparation platform technology through the
bioengineering design of tumor cells, which can be used in combination
with other therapeutic strategies as a potential strategy for clinical
antitumor treatment.

2. Materials and methods
2.1. Materials

CpG oligodeoxynucleotide 1826 (5'-TCCATGACGTTCCTGACGTT-3')
and CpG-FAM were purchased from Sangon Biotech (Shanghai, China).
The CRISPR/Cas9 targeting CD47 knockout plasmid is a pX458 vector
encoding Cas9 and sgRNA for CD47 knockout (sgCD47-1:
TTGGCGGCGGCGCTGTTGCT; sgCD47-2: ACTGCTGCGGCGCTGCTGGT)
was ordered from GenePharma (Shanghai, China). Hyperbranched PEI
(PEI25K, Mw 25,000 Da) was obtained from Sigma-Aldrich (St. Louis,
USA). The Minute™ Plasma Membrane Protein Isolation and Cell Frac-
tionation Kits were ordered from Invent Biotech (Beijing, China). NuPAGE
4x lithium dodecyl sulfate sample loading buffer (Novex) was purchased
from Saixin Biotech (Changchun, China). Carboxyfluorescein diacetate,
succinimidyl ester (CFDA SE), BeyoGel™ Plus PAGE Precast Gel (Hepes,
4-15%, 10-well), Lyso-Tracker Green, Lyso-Tracker Red and BCA Protein
Assay Kit were obtained from Beyotime Biotech (Shanghai, China). Ultra
HiFidelity PCR Kits and PCR Enhancer, TIANamp Genomic DNA Kit and
TIANgel Purification Kit were ordered from Tiangen Biotech (Beijing,
China). Ultrapure water (18 M.Q.cm) was obtained from the Millipore
Milli-Q system. Mouse IL-12p40, calreticulin and IL-6 ELISA kits were
ordered from Anoric Biotech (Tianjin, China). Sulfo-Cy5 NHS ester,
Hoechst 33342 staining solution and mitoxantrone dihydrochloride were
purchased from Meilun Biotech (Dalian, China). Details of all used anti-
bodies are listed in Table S1. Recombinant murine granulocyte-
macrophage colony stimulating factor (GM-CSF) and IL-4 were pur-
chased from Peprotech (USA). GoldenTran-S transfection reagent was
obtained from Golden Transfer Science and Technology Co.Ltd. (Chang-
chun, China).

2.2. Cell lines and animals

Mouse B16F10 melanoma cells were obtained from Shanghai Cell
Bank of the Chinese Academy of Sciences. The cells were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium containing 10%
fetal bovine serum at 37 °C in a 5% CO9 atmosphere.

C57BL/6 mice (female, 6-8 weeks old) were purchased from
Changsheng Experimental Animal Center (Benxi, China). All animal
experiments complied with the relevant ethical standards and all pro-
cedures were approved by the Animal Care and Use Committee of Yantai
University.

2.3. Construction and validation of CD47KO B16F10 cells

B16F10 cells (3 x 10° cells/plate) were seeded in 60 mm cell culture
plates and cultivated overnight. A total of 20 pg of gene transfection
reagent GoldenTran-S and 4 ug of CRISPR/Cas9-targeted CD47 gene
knockout plasmid, were mixed and incubated for 10 min. When the cells
were 70% confluent, the medium was replaced with serum-free medium
and GoldenTran-S/pDNA nanoparticles were added. After incubation
for 6 h, the serum-free medium was replaced by a medium containing
10% fetal bovine serum. After two days, the cells were digested with
trypsin-EDTA (0.05%), stained with anti-mouse PE-CD47, and sorted by
flow cytometry. CD47 knockout B16F10 cells (CD47KO-B16F10) were
screened out through three rounds of cell sorting.

The successful knockout of CD47 was verified by gene sequencing.
First, the total DNA of wild-type (WT) or CD47KO B16F10 cells was
extracted with a TIANamp Genomic DNA Kit according to the
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manufacturer’s instructions. PCR amplification experiments were per-
formed using Ultra HiFidelity PCR Kits and PCR Enhancer according to
the instructions. The primers’ sequences used in this experiment were as
follows: forward, 5-GTCACGTCAACGAGCAGAGG-3’; reverse, 5'-
CAGTTGCGGTTGTTCCCAGT-3’. Amplification conditions were as fol-
lows: Predenaturation at 94 °C for 120s; 35 cycles of denaturation at
98°C for 10s; 60 °C for 30s; 68 °C for 10s; and extension at 68 °C for
300 s with a T100 thermal cycler (Bio—-Rad, USA). Gene fragments of WT
or CD47 knockout B16F10 cells were separated by agarose gel electro-
phoresis and recovered using a TIANgel Purification Kit. The concen-
tration of DNA was determined by a MicroSpectrophotometer (KAIAO,
Beijing). Two DNA fragments were sequenced at Comate Bioscience.
(Changchun, China).

2.4. Induction and validation of ICD in vitro

WT or CD47KO B16F10 cells were cultured to induce ICD. For CRT
induction, mitoxantrone dihydrochloride was added at a final concen-
tration of 2 pM and incubated for 24 h. The collected cells were stained
with Alexa Fluor® 488 anti-mouse CRT and detected by flow cytometry.

2.5. Endocytosis of different engineered cells in BMDCs

BMDCs were isolated from the tibias and femurs of C57BL/6 mice
(female, 6-8 weeks old). Briefly, the tibias and femurs were dissected
using tweezers and scissors, cleaned in 70% ethanol, and washed with
PBS buffer. The bone marrow was flushed out with PBS buffer, pipetted
into a single cell suspension, and passed through a 70-mesh sterile filter.
The cells were centrifuged at 700xg for 8 min and resuspended in 10 mL
of BMDCs growth media consisting of RPMI 1640 medium, 10% fetal
bovine serum, 10 ng/mL GM-CSF, and 10 ng/mL interleukin-4 (IL-4).
The cells were seeded in a dish at 2 x 10° cells/mL. After 24 h incuba-
tion, an additional 10 mL of BMDCs growth media was added, then half
of the BMDCs growth media were changed every two days.

For the endocytosis assay, BMDCs were collected on day 7 and
incubated in a 12-well plate at 1 x 10° cells per well. WT, CD47KO, CRT-
induced, and CD47KO/CRT B16F10 tumor cells were labeled with CFDA
SE according to the manufacturer’s instructions and then co-cultured
with BMDCs for 2h at a ratio of 1:1 in a cell incubator. Nonspecific
binding of BMDCs to tumor cells were tested at 4 °C. The cells were
harvested and stained with a CD11C-APC antibody. Endocytosis was
assessed by flow cytometry analysis of APC*CFDA SE' double-positive
cells. The phagocytosis index was obtained by dividing the value ob-
tained at 37 °C by the value at 4 °C.

2.6. Preparation and characterization of different types of bioengineered
cell membrane-coated PEI25k/CpG nanoparticles

PEI25k/CpG nanoparticles were obtained by electrostatic composite
[29]. Briefly, CpG and hyperbranched PEI25k were dissolved in deion-
ized water at concentrations of 0.1 ug/pL and 1 pg/pL, respectively. A
total of 1 mL of CpG solution was pipetted into a tube, and then 50 pL of
PEI25k solution was quickly dropped and immediately vortexed for 30 s.
The encapsulation efficiency of CpG was detected via ultrafiltration and
quantified by a nucleic acid protein tester.

The extraction method of tumor cell membrane fragments was per-
formed as follows: The tumor cells were expanded in a cell culture dish
(15 cm in diameter) and when cells reached 80-90% confluency, they
were collected in PBS buffer by scraping and 1 x 10 cells were resus-
pended in 500 pL buffer A, which was supplemented with protease and
phosphatase inhibitors. The cell suspension tube was incubated on ice
for 8 min and vigorously vortexed for 20 s. Then, the cell suspension was
immediately transferred to a filter cartridge and centrifuged at
16,000xg for 30 s. The pellet was resuspended by vigorous vortexing for
10s. After centrifugation at 700xg for 60 s, the supernatant was trans-
ferred to a fresh tube and further centrifuged at 16,000xg for 30 min.
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The pellet was further resuspended in 200 pL of buffer B. After centri-
fugation at 7800xg for 5min at 4°C, the supernatant was carefully
transferred to a new tube and 1.6 mL of cold PBS buffer was added. The
cell membranes’ pellet was obtained after centrifugation at 16,000xg
for 30 min and stored in deionized water at —80 °C. The concentrations
of the extracted membrane proteins were determined using the BCA
protein assay kit. The different bioengineered tumor cell membrane
fragments used in this study were all extracted by this method.

The cancer cell membrane-coated PEI25k/CpG nanoparticles were
prepared according to a previous extrusion approach [30,31]. Briefly,
the cell membranes were extruded through a 400 nm polycarbonate
membrane for 11 passes to form cancer cell membrane vesicles
(CCMVs). Then, cancer cell membrane-coated nanoparticles (CCNPs)
were prepared by mixing PEI25k/CpG-NPs with CCMVs and physically
extruding through a 400 nm polycarbonate film for 11 passes using a
mini-extruder.

The morphology of the nanoparticles was observed at 100 kV by a
JEOL-1011 transmission electron microscope system (JEOL, Japan).
Briefly, 10 pL. CCNPs (0.5 mg/mL) was dropped into 400 square mesh
copper grids with carbon support film. The droplets were dried with
absorbent paper. The hydrate particle sizes and zeta potentials of the
nanoparticles were detected using a zeta potential/BI-90 Plus particle
size analyzer (Brookhaven, USA).

2.7. Gel electrophoresis experiment of PEI/CpG complex

Agarose gels at a 1% concentration, supplemented with Gel-Red,
were prepared. Different ratios of the PEI/CpG complex were pre-
pared, while keeping the mass of CpG always at 0.5 pg. A total of 10 pL of
PEI/CpG complex was mixed with 2 uL of DNA loading buffer, then
added to the agarose gel electrophoresis tank, and electrophoresed at
100V for 30 min. Photographs were taken using a gel imaging equip-
ment (Tanon 3500, Shanghai).

2.8. Cytotoxicity of the PEI/CpG complex

We evaluated the cytotoxicity of the PEI/CpG complex against
BMDCs using the CCK8 assay. BMDCs were seeded in 96-well plates at a
density of 1 x 10* cells per well and incubated for 24 h. After replacing
with fresh medium, different concentrations of PEI/CpG complex were
added to obtain the final concentrations of PEI at 0.5, 1.0, 1.5, 2.0,
2.5 pg/mL. After 24h of incubation, 10 uL of the CCK8 solution was
added to each well, and the incubation was continued for 1h. The
absorbance of the sample was measured at 450 nm using a microplate
reader. The cell viability (%) was calculated according to the following
formula: cell viability (%) = (Asample-Ablank)/ (Acontrol-Ablank) X 100%.

2.9. Optimization of membrane coating

To explore the best mass ratio of cell membrane fragments and
PEI25k/CpG nanoparticles, the membrane-coated nanoparticles were
prepared by mixing 0.125-8 mg mass fragments of cell membranes and
1mg of PEI25k/CpG nanoparticles. Membranes-free PEI25k/CpG
nanoparticle cores were used as the control. The sizes of the nano-
particles were measured after preparation. Then, the same volume of
2 x PBS was added for 48 h at 37 °C. The stability of the membrane-
coated nanoparticles was monitored. The smallest fluctuation in parti-
cle size was chosen to be the optimal membrane-to-core weight ratio.

2.10. Characterization of antigen retention of cell membrane vesicles and
membrane-coated nanoparticles

The whole protein profile was characterized by SDS-PAGE. Briefly,
the final protein concentration was quantified to be 2 mg mL by the
BCA method. Then, the samples were mixed with a loading buffer
(Novex) and heated for 3 min at 100 °C. Then 20 pL of each sample was
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loaded into BeyoGel™ Plus PAGE Precast Gel (Hepes, 4-15%, 10-well)
and proteins of different molecular weights were separated by electro-
phoresis at 150 V for 40 min. Finally, the gels were stained with Coo-
massie brilliant blue and imaged.

B16F10 tumor-specific antigens were evaluated by western blotting
assay. Briefly, the proteins on the gel were transferred to a poly-
vinylidene fluoride (PVDF) membrane. Then, the membrane was
blocked with 5% bovine serum albumin and incubated with primary
antibodies against sodium potassium ATPase (Na'/K*-ATPase), Glyco-
protein 100 (gpl00) and Melanoma antigen recognized by T-cells 1
(MART1). The secondary anti-goat or anti-mouse IgG antibody was
incubated with the corresponding primary antibodies prior to ECL im-
aging. The chemiluminescence of the substrate was imaged by a chem-
iluminescence imager (Amersham Imager 600, USA).

2.11. Colocalization of antigens and adjuvants

BMDCs were incubated overnight in confocal dishes at a density of
2 x 10° cells per well. The CD47KO/CRT membrane fragments were
labeled with Sulfo-Cy5 NHS ester. Briefly, 20 pL of Sulfo-Cy5 NHS ester
(1 pg/pL) was mixed with 100 pg of cancer cell membrane fragments.
After 2h, the cell membrane fragments were washed 3 times in PBS
buffer and further coated onto the PEI25k/CpG nanoparticles. FAM-CpG
was used in this study. The fluorescently labeled nanoparticles (10 pg/
mL) were incubated in BMDCs for 2 h. Afterwards, the cells were washed
3 times with PBS buffer and then the cell nuclei were stained with
Hoechst 33342 (0.01 mg/mL in PBS buffer) for 20 min. The prepared
confocal dishes were observed using a confocal laser scanning micro-
scope (CLSM) (ZEISS LSM780, Germany).

2.12. Endocytosis of four different membrane-coated nanoparticles by
BMDCs in vitro

Four different cancer cell membranes (Normal/CCMVs, CRT/
CCMVs, CD47K0O/CCMVs, and DBE/CCMVs) were coated onto PEI25k/
FAM-CpG nanoparticles. BMDCs were seeded into a 12-well plate at
1 x 10° cells/mL in BMDCs growth media. To evaluate the endocytosis
efficiency, these membrane-coated nanoparticles were added and the
final concentration of FAM-CpG was 1 pg/mL. Free FAM-CpG was used
as the control. After incubation for 2h, the cells were collected and
analyzed by flow cytometry.

2.13. Activation of BMDCs by four different nanoparticles in vitro

Encouraged by the endocytosis effects of the four different
membrane-coated nanoparticles in BMDCs, the activation of BMDCs was
tested. Briefly, BMDCs were seeded into a 6-well plate at 2 x 10° cells
per well and incubated with different nanoparticles for 2 h. The final
concentrations of membrane and CpG were 5pg/mL and 1.67 pg/mL,
respectively. After 2h incubation, the cells were washed twice and
cultured for another 48 h. Afterwards, the supernatant was collected for
IL-6 and IL-12p70 ELISA tests. BMDCs were washed 3 times, incubated
with anti-CD11c-FITC, anti-MHC II-PE/Cy7, anti-CD80-APC and anti-
CD86-PE antibodies at 4°C for 45min, washed 3 times with PBS
buffer, and analyzed by flow cytometry.

2.14. Antitumor study of prophylactic vaccination

C57BL/6 mice (female, 6-8 weeks old) were randomly divided into 6
groups of 5 mice each. Different groups of mice were subcutaneously
injected with PBS buffer, DBE/CCMVs, PEI25k/CpG-NPs, DBE/CCMVs
+ PEI25k/CpG-NPs, whole cell lysate (WC) +PEI25k/CpG-NPs, and
DBE@CCNPs. The mice were immunized for three rounds with a one-
week interval. Each group had 40 pg of tumor antigen and/or 20 pg of
immune adjuvant. The tumor volumes and body weights of mice were
measured every two days. The tumor volumes were calculated according
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to the following formula: tumor volume (mm?®) = length x (width?)/2.
When the tumor volumes were greater than 1500 mm? (Day 20) in the
PBS group, all the mice were euthanized.

2.15. Pharmacokinetics and biodistribution of components of
nanovaccine

Cyanine 5.5 NHS ester was used to label the cell membranes, CpG,
and PEIL The labeling method of the cell membranes was similar to that
described in the above section 2.9. Cy5.5-CpG was purchased from
Sangon Biotech. Cy5.5-PEI was obtained by mixing PEI with 2% Cy5.5 at
room temperature and stirring for 6 h. DBE@CCNPs were prepared with
the above Cy5.5 fluorescently labeled materials. The mice were divided
into 3 groups and subcutaneously injected with DBE@CCNPs (Cy5.5-
PEI), DBE@CCNPs (Cy5.5-membrane), and DBE@CCNPs (Cy5.5-CpG),
respectively.

For the pharmacokinetics of nanovaccine, the blood of mice was
collected at 0, 0.5, 1, 2, 4, 6, 12, 18, 24, 36, and 48 h into centrifuge
tubes containing sodium heparin, and diluted 10 times with ultrapure
water. The samples were transferred to 96-well black opaque plates, and
the fluorescence intensity of blood was measured with a microplate
reader (Tecan, Austria) at the excitation wavelength of 678 nm and
emission wavelength of 694 nm.

For the biodistribution of the nanovaccine, in vivo fluorescence im-
aging was performed on the subcutaneous injection site of mice at 0, 6,
12, 24, 36, and 48 h, respectively. At 48 h, the heart, liver, spleen, lung,
kidney, and lymph nodes were collected for fluorescence imaging.

2.16. Nanovaccine activates lymph nodes in vivo

To observe the ability of the nanovaccine to activate lymph node DCs
in vivo, we sacrificed the mice 24 h after three immunizations and
removed the mice draining lymph nodes for immunological analysis.
The extracted tumor-draining lymph nodes were divided into a single
cell suspension and cultured in a 24-well plate. After 48 h of culture, DCs
and the supernatants were separated by centrifugation and analyzed for
co-stimulatory molecules and cytokines, respectively. For analysis of
DCs co-stimulatory molecules, the flow cytometry staining scheme of
DCs is the same as that in section 2.13. For the analysis of DCs’ secreted
cytokines, their levels in the supernatants were monitored using IL-6 and
IL-12p70 ELISA Kits.

2.17. Endocytic pathway of DBE@QCCNPs by BMDCs

BMDCs were pretreated with 10 pg/mL amiloride (AM), 5pg/mL
chlorpromazine (CPZ), and 4 pg/mL methyl--cyclodextrin (M-CD) at
37 °C for 45 min, respectively. DBE@CCNPs were prepared with FAM-
labeled CpG. Then, DBE@CCNPs were added and incubated at 37 °C
for 2h. The control group was set up at 4°C. The BMDCs were then
pipetted down and washed 3 times with PBS buffer. The fluorescence
intensity of BMDCs was analyzed using flow cytometry.

2.18. Observation of lysosomal escape of nanovaccine by CLSM

BMDCs were incubated overnight in confocal dishes at a density of
2 x 10° cells per well. Fam-CpG was used to prepare PEI25k/CpG-NPs
and DBE@CCNPs. Cy5.5 NHS ester was used to label DBE/CCMVs.
The materials were incubated with BMDCs for 1, 3, 8 h, respectively. The
cells were then washed 3 times with PBS buffer. Lyso-tracker Red or
Lyso-Tracker Green staining solution at 75 nM was added and incubated
with BMDCs at 37 °C for 30 min. Samples were photographed by CLSM.

2.19. Prophylactic vaccination combined with anti-PD-L1 antibody
therapy

C57BL/6 mice (female, 6-8 weeks old) were randomly divided into 4
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groups of 5 mice each. The experimental groups were PBS control,
DBE@CCNPs, a-PD-L1, and a-PD-L1 + DBE@CCNPs. The mice were
immunized with DBE@CCNPs using 40 pg of cell membrane protein and
13.3 pg of CpG for 3 rounds and at an interval of one week each time. On
the seventh day after the last immunization, 100 pL of BI6F10 cells (5 x
10° cells/mL) were subcutaneously injected into the backs of the mice to
generate subcutaneous tumors. On the 6th and 8th days after tumor
inoculation, 30 pg of anti-PD-L1 antibody was intraperitoneally injected.
The detailed experimental protocols were the same as mentioned above.

In survival experiments, mice were treated according to the immu-
nization protocol described above, and mice were euthanized when the
tumor size was greater than 1500 mm?®. The mice survival was observed
until the 40th day.

2.20. Therapeutic vaccination combined with immune checkpoint therapy

C57BL/6 mice (female, 6-8 weeks old) were randomly divided into 4
groups with 5 mice in each group. On day 0, 100 uL of B16F10 cells
(5 x 10° cells/mL) were subcutaneously injected into the backs of the mice
to produce subcutaneous tumors. The subcutaneous injection of
DBE@CCNPs (40 pg of cell membrane protein and 13.3 pg of CpG) was
performed on day 5 and day 7. The PD-L1 antibody (30 pg) was intra-
peritoneally injected on day 6 and 8. The experimental groups and the
experimental scheme were the same as mentioned above.

For immune cell analysis experiments, lymph nodes, spleen, and tumor
tissues of mice were obtained and divided into single-cell suspensions in
12-well plates and filtered through 200-mesh cell strainers. The cells were
collected by centrifugation and dispersed in 1.5 mL centrifuge tubes with
100 pL of PBS buffer. DCs in tumor-draining lymph nodes were stained
using the previously mentioned staining protocol. The CD8" T cells
(CD3"CD4 CD8") and the activated CD8" T cells (CD3" CD8"CD69™) in
tumor, the CD8™ Tgy cells (CD37CD8"CD441CD62L ") and the CD8™ Tem
cells (CD3"CD8"CD44"CD62L") in spleen were further evaluated.

2.21. Immunohistochemistry analyses

The infiltration of CD8™ T cells and the expression of PD-L1 on tumor
cells were detected by immunohistochemical experiments. Briefly, the
prepared paraffin sections of tumor tissues were dried at 65 °C for 1 h,
deparaffinized and rehydrated in xylene and graded alcohol (100%,
95%, and 75%). Antigen retrieval was performed using citrate buffer
solution in accordance with the heat and pressure retrieval method. An
incubation at 37 °C for 30 min with tenfold diluted serum was performed
to block nonspecific sites. Then, the sample was cocultured with primary
antibodies at 4 °C overnight. After co-incubating with the secondary
antibodies, the Streptavidin-Biotin Complex (SABC) method was used
for color development. Finally, hematoxylin was used for 2 min coun-
terstaining. Immunohistochemistry (IHC) images were observed using
an optical microscope (Nikon Y-TV55, Japan).

2.22. Safety evaluation

Hematoxylin and eosin (H&E) staining was used for pathological
analysis of the main organs (heart, liver, spleen, lung, and kidney). In
addition, the liver and kidney toxicities of the combination therapy were
analyzed by blood biochemical indicators. The liver function was
analyzed by detecting aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP). The renal
function was analyzed by creatinine (CRE), blood urea nitrogen (BUN),
and uric acid (UA). These biochemical indicators were tested by ELSIA
kits using an automatic microplate reader (Infinite M200, Tecan,
Switzerland).

2.23. Statistics and data analysis

The Snapgene 2.3.2 software was used to analyze the gene
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sequencing results. Flow cytometry results were performed using the
FlowJov10 software. The statistical analysis was carried out using the
unpaired two-tailed Student’s t-test in the GraphPad Prism 8.0 Software.

3. Results

3.1. Construction and verification of the dual-bioengineered B16F10
tumor cells

Eliminating the “do not eat me” signals [11] or increasing the “eat
me” signals [20] on tumor cells can activate immune cells and promote
the hosts’ antitumor immune killing effect. Based on this, we con-
structed a CD47KO/CRT dual-bioengineered cell membrane-coated
nanovaccine.

First, the CD47 protein on the surface of B16F10 cells, which can
assist tumor cells escape the uptake of antigen-presenting cells, and thus,
avoid immune surveillance, was knocked out using the CRISPR-Cas9
gene editing technology. This signal blocking method does not involve
the use of an CD47 antibody, thus avoiding toxicity to blood cells. Gene
editing was performed under the action of a CRISPR/Cas9-targeted
CDA47 gene knockout plasmid, and the CD47-deficient B16F10 cell line
was obtained after 3 cycles of cell sorting. The gene knockout efficiency
was verified by gene sequencing. The results showed that the gene
sequence had an uncertain set of nested peaks compared with the
genome of wild-type B16F10cells at the designed knockout site
(Fig. la). This was mainly due to the nonhomologous end joining
(NHEJ) repair of the genome in tumor cells, which caused the deletion of
a part of the gene sequence or the insertion of a part of the gene frag-
ment. CD47 knockout was further confirmed by flow cytometry
(Fig. 1b).

In addition, to eliminate the “do not eat me” signal, the addition of a
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“eat me” signal is also very important to improve the immunogenicity of
the antigen [15]. Typically, when the tumors exhibit ICD, tumor cells
change from nonimmunogenic to highly immunogenic. This process was
accompanied by changes in the expression levels of several signaling
molecules on the cell membrane surface and the release of
immune-promoting effectors [19]. However, some factors could also
shift the tumor immune microenvironment from an immune-promoting
type to an immunosuppressive type after ICD induction [32,33]. This is
due to the release of a large amount of ATP in the process of ICD in tumor
tissue, which is further metabolized into adenosine (ADO) by an
exonuclease [34]. ADO is an immunosuppressive metabolite that can
bind to ADO 2A receptors on the surface of immune cells [35]. It can
limit the activation of cytotoxic lymphocytes and inhibit the maturation
of natural killer cells, thereby impairing the antitumor immune response
[33]. Moreover, in tumor cells’ late ICD stage, the cells rupture and
release potassium ions into the extracellular space [32]. Under normal
circumstances, potassium ions are present in high concentrations inside
the cell rather than outside the cell. The increased levels of potassium
ions can reduce the activity and antitumor effect of T cells [36].
Therefore, to avoid these problems, we induced tumor cells’ ICD in vitro
and applied it in vivo after calreticulin translocation. Mitoxantrone is
commonly used anthracycline in clinic that can induce tumor cell
apoptosis cause ICD [16]. To maximize the translocation of CRT to cell
membranes, we optimized the drug concentration and incubation time
on that of calreticulin induction. Flow cytometry results demonstrated
that the expression of calreticulin achieved the maximum value at 2 yM
of Mitoxantrone after 24 h incubation, indicating a high translocation of
calreticulin in tumor cells (Fig. S1). The exposure of calreticulin was
further confirmed by flow cytometry assay (Fig. 1c). Furthermore, the
cell membranes were extracted for calreticulin quantification by ELISA
and the results achieved the same trends (Fig. S2).
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Fig. 1. Validation and functional exploration of dual-bioengineered B16F10 tumor cells. (a) Gene sequencing results of wild-type (WT) and CD47KO B16F10 cells.
(b) Flow cytometry results of CD47 expression on WT and CD47KO B16F10 cells. (¢) CRT translocation after induction of ICD under optimal conditions. (d)
Phagocytosis of different bioengineered tumor cells by BMDCs. (e) The phagocytosis index was obtained by dividing the obtained value at 37 °C and that at 4 °C (n =

3). **p < 0.01, ***p < 0.001.
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Encouraged by the success of CD47KO/CRT dual-bioengineered
cells, we next evaluated the endocytosis efficiency of the prepared bio-
engineered B16F10 tumor cells in BMDCs. The results demonstrated that
the endocytosis effects of B16F10-CRT and B16F10-CD47KO cells are
significantly improved in BMDCs, while CD47KO/CRT dual-
bioengineered cells achieved the optimal endocytosis effect (Fig. 1d
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and e). This might be due to that knocking out of CD47 protein alone
could only eliminate the “do not eat me” signal between tumor cells and
immune cells, while there was still a lack of a “eat me” signal to promote
BMDCs phagocytosis. Therefore, when CRT translocated to the cells’
membrane surface, it conferred an “eat me” signal to the cells, which
further promoted the phagocytosis of BMDCs.
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Fig. 2. Physicochemical identification and biofunctional verification of DBE@CCNPs. (a) Size intensity curves of PEI25K/CpG-NPs, CCMVs, and CCNPs. (b) Hy-
drodynamic size of PEI25K/CpG-NPs, CCMVs and CCNPs (n = 3). (c) Zeta potentials of PEI25K/CpG-NPs, CCMVs and CCNPs (n = 3). (d) TEM of PEI25k/CpG-NPs
and CCNPs. (e) Hydrodynamic size of CCNPs at different mass ratios of membrane protein to PEI25k/CpG-NPs, right after synthesis, and after mixing with 2 x PBS
and storage for 48 h (n = 3). (f) SDS-PAGE protein analysis of cancer cell lysates, different types of bioengineered CCMVs and CCNPs. (g-h) Western blotting analysis
for membrane-specific proteins, including MART1, gp100, and Na'/K'-ATPase. (i) Endocytosis efficiency of the different types of bioengineered CCNPs by BMDCs.
(j) Representative flow cytometry data showing that different types of bioengineered CCNPs can induce DCs maturation. (k) Secretion of IL-6 and IL-12p70 after
endocytosis of the different types of nanoparticles. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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3.2. Preparation and characterization of the dual-bioengineered B16F10
tumor cell membrane-coated nanoparticles

The cell membranes of single/dual-bioengineered B16F10 tumor
cells were extracted as the antigen of tumor vaccines’ antigens. Since the
translocation of calreticulin and the CD47 knockout occurred on tumor
cell membranes, extracting the cell membrane as antigens could not only
inherit the broad antigen spectrum and bioengineering characteristics of
tumor cells, but also remove the huge cellular organelle structure,
thereby paving the way for the subsequent preparation of a tumor
nanovaccine [37]. The cell lysates were harvested by repeated freezing
and thawing to completely rupture the tumor cells and the cell plasma
membranes were separated from other cell components by centrifuga-
tion. Afterwards, the cytoplasmic membranes were extruded into vesi-
cles through a 400 nm porous polycarbonate membrane. The hydrated
particle size of the vesicles was approximately 283 nm, and the zeta
potentials were —24 mV. (Fig. 2a and b).

The delivery strategy of tumor antigens is also crucial to the final
immune effect [38,39]. Nanodelivery systems have been widely used in
the field of vaccines due to their unique advantages. These include
codelivery of antigens and immune adjuvants, enhancing the uptake of
APCs, and improving the materials’ biological distribution [40,41].
Therefore, we mixed hyperbranched PEI25k with immune adjuvant CpG
to construct the nanodelivery carrier by electrostatic adsorption. The
uniform nanoparticles were obtained with a hydrodynamic diameter of
165 nm. (Fig. 2a). The zeta potentials of PEI25k/CpG nanoparticles were
—13 mV (Fig. 2b), which was convenient for their encapsulation by cell
membranes. To confirm that CpG was completely integrated into the
PEI/CpG complex, we performed DNA gel electrophoresis experiments.
The experimental results showed that CpG was completely blocked
when the PEI was 0.5 times that of CpG (Fig. S3). To evaluate the
biocompatibility of this nanocomposite, we characterized the cytotox-
icity of PEI/CpG using the CCK-8 assay. The results showed that the
toxicity of PEI/CpG complex is negligible (Fig. S4). This is because only
a small amount of PEI is required to adsorb CpG to form nanoparticles.
However, in gene transfection experiments, the mass of PEI is often ten
times that of the plasmid [42,43]. As a result, the excessive use of PEI
resulted in cytotoxicity. However, the PEI in our nanovaccine is one-half
the mass of CpG. Thus, the dose of the used PEI in this study was within
the safe range and did not cause cytotoxicity.

To simultaneously deliver antigens and adjuvants and exert a
spatiotemporal synergistic effect, we constructed cell membrane-coated
nanoparticles by coextruding cell membrane vesicles with PEI25k/CpG-
NPs cores. The final hydrodynamic diameters of cell membrane-coated
nanoparticles increased to approximately 184 nm and their zeta poten-
tials decreased to —22 mV (Fig. 2a, b and c). The increased particle size
was about 20 nm, which was equivalent to the thickness of the two cell
membranes, and the final zeta potentials also appeared to be consistent
with the zeta potential of the membrane vesicles. TEM images of the
nanoparticles also showed a clear core-shell structure (Fig. 2d). The
outermost cell membrane structure was clearly visible. These results
indicated the successful construction of cell membrane-coated nano-
particles. To optimize the efficiency of the cell membranes’ encapsula-
tion, we evaluated the optimal composite ratio of PEI25k/CpG
nanoparticles and the cell membranes through stability experiments. As
shown in Fig. S5, the particle size of bare nanoparticles was extremely
unstable and increased rapidly in PBS solution. However, the particle
size of CCNPs did not change significantly in PBS solution, which was
mainly due to the shielding of ion interference in PBS solution by the
coated cell membrane. As shown in Fig. 2e, the hydrodynamic particle
sizes of the membrane-coated nanoparticles show that their best sta-
bility is achieved at their mass ratio of 2:1. It is worth noting that
excessive cell membrane does not increase the stability of nanoparticles.
This may be due to the fact that excessive cell membrane may affect the
integrity of cell membrane which coated on the surface of nanoparticles
during the process of co-extrusion preparation of nanoparticles.
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After optimizing the ratio of membrane protein to nanoparticle core,
we further verified the integrity of the membrane surface functional
proteins after assembly of the nanovaccine by SDS-PAGE and Western
blot experiments. SDS-PAGE results showed that the protein profile of
the membrane-coated nanoparticles closely matched that of the corre-
sponding membrane vesicles (Fig. 2f), demonstrating the integrity of the
membrane proteins during the nanovaccine preparation. Furthermore,
the Western blot results confirmed that the specific antigens gp100 and
MART1 of B16F10 tumor cells and Na*/K*-ATPase in the cell mem-
branes, were not damaged during the nanovaccine preparation (Fig. 2g
and h). The different grayscale in WB bands indicated the degree of
antigen enrichment in the nanoparticles, which was much greater than
that in pure tumor cell lysates. These results suggested that the efficiency
of cell membrane antigens was higher than that of tumor cells or pure
tumor cell lysates under the same protein condition.

To verify whether the membrane-coated nanovaccine could simul-
taneously and successfully deliver the antigens and adjuvants into
BMDCs, we used Cy5-HNS labeled cell membranes and FAM-CpG to
construct a nanovaccine and evaluated its intracellular uptake in
BMDCs. CLSM images showed that the red fluorescence and green
fluorescence signals colocalize, indicating that the membrane-coated
nanoparticles can spatiotemporally co-deliver antigens and immune
adjuvants so that the two components can play a synergistic effect
(Fig. S$6). In addition, we detected the endocytosis efficiency of different
bioengineered cell membranes-coated nanovaccine in BMDCs. Fluores-
cence quantitative results showed that the uptake of BMDCs in the dual-
bioengineered B16F10 cancer cell membrane-coated nanoparticles
(DBE@CCNPs) was significantly higher than that of the CD47KO
B16F10 cancer cell membrane-coated nanoparticles (CD47KO@CCNPs)
or CRT-induced B16F10 cancer cell membrane-coated nanoparticles
(CRT@CCNPs) (Fig. 2i). This further proved that DBE@CCNPs inherited
the biological functions of the cell membrane and promoted the endo-
cytosis of the nanovaccine in APCs.

Then, we evaluated the maturation of BMDCs induced by different
types of bioengineered cell membrane-coated nanovaccine in vitro. The
expressions of costimulatory markers on BMDCs were detected by flow
cytometry. The secretion of the immune factors, IL-6 and IL-12P70, by
BMDCs were tested by ELISA. Compared with the PBS group, the
PEI25k/CpG nanoparticles (PEI25k/CpG-NPs) treated group showed a
significant upregulation of costimulatory molecules (Fig. 2j) and the
secretion of immune factors (Fig. 2k), indicating that the immune
adjuvant nanoparticle core could induce the maturation of BMDCs. For
the group of nanoparticles coated with different types of bioengineered
cell membranes, they can all activate the maturation of BMDCs, but the
mechanism of activating the maturation of BMDCs is different. For the
CD47KO@CCNPs group, knockout of CD47 can remove the “don’t eat
me” signal and increase the phagocytic efficiency of BMDCs to nano-
particles. For the CRT@CCNPs group, CRT can bind to low-density li-
poprotein receptor related proteins on the surface of BMDCs, thereby
enhancing the activation of BMDCs and improving the phagocytic effi-
ciency of BMDCs to nanoparticles [44]. We noticed that the stimulation
effect of DBE@CCNPs group on BMDCs was significantly better than
those of the single bioengineered CCNPs group or the non-bioengineered
CCNPs group. This was due to the two signals on the cell membrane
cooperate with each other, so that the nanovaccine could efficiently
induce the maturation of BMDCs (Fig. 2j and k).

3.3. Antitumor immunotherapy of the tumor nanovaccine

We have proved that dual-bioengineering technology can signifi-
cantly improve the immunogenicity of tumor antigens in vitro. Next, we
evaluated the antitumor efficiency of different assembly forms of adju-
vant and antigen to optimize in vivo conditions. First, we subcutane-
ously injected different types of materials into mice, including dual-
bioengineered cancer cell membrane vesicles (DBE/CCMVs), PEI25k/
CpG-NPs, vortex mixing of double bioengineered whole cell lysate and
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PEI25k/CpG-NPs (DBE/WC + PEI/CpG-NPs), vortex mixing of DBE/
CCMVs and PEI25k/CpG-NPs (DBE/CCMVs + PEI/CpG-NPs), and
coextrusion mixing of DBE/CCMVs and PEI25k/CpG-NPs
(DBE@CCNPs). To achieve a long-term immune memory effect, we
adopted a preventive tumor vaccine immunization strategy, with a total
of 3 immunization rounds, each with a one-week interval (Fig. 3a). On
day 0, B16F10 tumor cells were subcutaneously injected to the mice and
the growth curves of the tumors were monitored. The results showed
that the therapeutic effect of PEI25k/CpG-NPs was comparable with that
of the PBS control group, due to the absence of antigens. The immune
adjuvant alone could hardly trigger a specific antitumor immune
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response (Fig. 3b and ¢ and S7). DBE/CCMVs showed a limited thera-
peutic effect. This suggested that multiple antigen vaccinations can
achieve a certain immune effect, but not enough to inhibit the rapid
growth of tumors. In addition, the DBE/WC + PEI/CpG-NPs and DBE/
CCMVs + PEI25k/CpG-NPs groups slowed down the growth rate of tu-
mors, and their preventive effects were not significantly different. The
best tumor prevention effect was observed in the DBE@CCNPs group,
and the preventive effect was around 75% compared with that in the
PBS group (Fig. 3c).

To evaluate the anti-tumor mechanism of the tumor nanovaccine, we
tested the physical behavior of the nanovaccine and the activation of the
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Fig. 3. The prophylactic efficacy of different assembly forms of tumor nanovaccine. (a) Schematic strategy for antitumor study. (b) Photos of the tumors after
treatment. Scale bar = 1 cm. (c) Tumor growth curves of different groups. (d) Fluorescence imaging of the nanomaterials at the administration sites over time and
after subcutaneous injection. (e) Treatment scheme for detecting the activation of the antigen-presenting cells by the nanovaccine. (f) Concentrations of proin-
flammatory cytokines in lymph nodes, including IL-12p70 and IL-6. (g) DC maturation in the lymph nodes. (h) The lysosomal escape behaviors of PEI/CpG-NPs and

DBE@CCNPs in BMDCs were observed by confocal laser microscopy. Scale bar = 50 pm ***
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antitumor immune response in vivo. We first tested the residence ability
of the nanovaccine at the subcutaneous injection site. The results of in
vivo fluorescence imaging of the mice showed that there was still a
strong fluorescence at 48 h, indicating that the nanovaccine can form a
subcutaneous tumor vaccine repository and activate APCs for a long
time (Fig. 3d and S8). In addition, the experimental results of the
nanovaccine biological distribution showed that the nanomaterials
mainly accumulate in lymph nodes, and that the main components are
metabolized through the liver and kidney pathways (Fig. S9). Next, we
explored the activation of the immune system by the nanovaccine. On
the second day after the 3 immunization rounds, the lymph nodes of the
mice were resected for the analysis of DCs’ activation and the secretion
of cytokines (Fig. 3e). Data on the costimulatory molecule expression
and secretion of cytokines showed that the DBE/CCMVs + PEI25k/CpG-
NPs group is not as effective as the DBE@CCNPs group in DCs’ activa-
tion, but it was approximatively equivalent to that of pure adjuvant
nanoparticles (Fig. 3f and g). These results suggested that DCs’ activa-
tion was mainly due to the uptake of immune adjuvants, and that the
dual-bioengineered membranes can improve the endocytosis efficiency
of the immune adjuvant nanoparticles. However, the DBE/CCMVs +
PEI25k/CpG-NPs group can only deliver antigens and adjuvants sepa-
rately, leading to a poor DCs’ activation. Therefore, we used the coex-
trusion mixing method as the preparation form of the tumor
nanovaccine.

We also explored the interaction between the nanovaccine and DCs.
We first explored DBE@CCNPs pathway of endocytosis by DCs. The
experimental results showed that the endocytosis efficiency of
DBE@CCNPs at 4°C was significantly lower than that at 37°C
(Fig. S10). This indicates that the endocytic behavior of DBE@CCNPs by
BMDCs is energy dependent. Next, we found that in the group pretreated
with M-CD, the endocytosis efficiency of DBE@CCNPs decreases to 40%
of the original, indicating that the endocytosis of DBE@CCNPs is a
caveolae-mediated endocytic pathway. Then, we carried out lysosomal
escape experiment of the nanovaccine. DCs’ antigen cross presentation
requires the escape of the tumor antigen to from the lysosomes, other-
wise it cannot trigger a CD8" anti-tumor immune response [45].
Therefore, it was particularly critical to explore whether the nano-
vaccine can perform a lysosomal escape. For this, we used the
Lyso-Tracker Red to stain lysosomes and the FAM to label nanoparticles
to study the lysosomal escape behavior of DBE@CCNPs in BMDCs. As
shown in Fig. 3h, PEI/CpG-NPs and DBE@CCNPs were incubated with
BMDCs for 1 h, 3h and 8 h, respectively. A yellow fluorescence indicates
the overlap of nanoparticles with lysosomes. At 1 h, we observed a small
amount of yellow area in the BMDCs, indicating that the nanoparticles
began to enter the BMDCs. At 3h, a large yellow area was observed,
indicating that more nanoparticles were endocytosed by the BMDCs and
entered the lysosomes. It is worth noting that at 8 h, we observed an
obvious green fluorescence, while the red fluorescence became signifi-
cantly darker. This is due to breakdown of the lysosomes. The results
indicated that the nanoparticles escaped from the lysosomes. However,
the lysosomal escape did not occur in the DBE/CCMVs group at 8 h
(Fig. S11). This suggests that the lysosomal escape ability of
DBE@CCNPs is endowed by internal PEI/CpG-NPs. This may be attrib-
uted to the “proton sponge” effect of the PEI lipid [46].

3.4. Prophylactic nanovaccine combined with anti-PD-L1 antibody for
antitumor immunotherapy

PD-L1 is overexpressed on the surface of tumor cells where it binds to
T cells PD-1 to impair their antitumor effects [47,48]. Normally, tumor
cells are capable of upregulating the expression levels of PD-L1 to
combat the continuous infiltration of T cells [49]. At the end of the
previous tumor suppression experiment, we immunohistochemically
detected PD-L1 expression on tumors in the PBS and DBE@CCNPs
groups. As shown in Fig. S12, the immunohistochemical results of PD-L1
on tumor tissues also proved that the tumor nanovaccine alone can
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induce the upregulation of PD-L1 expression. Therefore, an anti-PD-L1
antibody was introduced to boost the antitumor effect of the
DBE@CCNPs nanovaccine.

The detailed combined antitumor immunotherapy was performed as
shown in Fig. 4a. The tumor sizes were monitored every two days
(Fig. 4b and S13). The results showed that compared with the vaccine or
anti-PD-L1 antibody group, the combined group significantly delayed
tumor growth (Fig. 4c and d). Blocking PD-1/PD-L1 immune checkpoint
could effectively boost the antitumor immune effect of the DBE@CCNPs
nanovaccine. We also conducted survival experiments on mice, and the
results demonstrated that the survival time of mice in the combination
treatment group was significantly prolonged (Fig. S14).

3.5. Therapeutic nanovaccine combined with anti-PD-L1 antibody for
antitumor immunotherapy

The strategy of the combined application of a therapeutic nano-
vaccine and anti-PD-L1 antibody is shown in Fig. 4e. The mice were
subcutaneously immunized twice on day 5 and day 7. Anti-PD-L1 anti-
body was intraperitoneally injected on day 6 and day 8. All mice were
euthanized when the tumors’ size in the PBS group was greater than
1500 mm®. Lymph nodes, spleen, and tumor tissues were surgically
removed and dissociated into single-cell suspensions for immune cell
analysis. Both the anti-PD-L1 antibody treatment group and the
DBE@CCNPs treatment group successfully controlled the growth of tu-
mors in the early stage but rebounded after day 18 (Fig. 4f and S15). It
was mainly due to the gradual development of a tumor drug tolerance to
the monotherapy. As expected, the tumor growth of the combined
treatment group was significantly inhibited, and the tumor inhibition
rate was approximately 75% compared with that of the PBS group
(Fig. 4g and h). The tumors’ H&E slices also showed a higher density of
tumor cells in the PBS group, while the tumor cells were significantly
eliminated in the treatment group (Fig. S16). The body weights of mice
in the combined treatment group did not significantly decrease
(Fig. S17), indicating the safety of the combined treatment strategy.
Histopathology of the mice main organs and serum biochemical indexes
further confirmed this safety as no obvious toxic side effects were
observed in mice (Fig. S18-20).

3.6. Antitumor mechanisms of combination therapy

To explore the antitumor mechanisms of the combination therapy,
we analyzed the immune cells in the mice lymph nodes and spleens. The
results showed that both DBE@CCNPs and combination treatment
groups can increase the expression of costimulatory molecules in DCs,
while the intraperitoneal injection of an anti-PD-L1 antibody did not
significantly stimulate DCs maturation in the lymph nodes (Fig. 5a, b
and c). This indicates that the activation of DCs is mainly caused by the
activation of Toll-like receptors by immune adjuvants. In addition, the
combined treatment group showed the greatest activation effect on DCs
in the lymph nodes, and the activation effect was better than that of the
DBE@CCNPs group, suggesting that the anti-PD-L1 antibody can
enhance the effect of nanovaccine in activating DCs. The proportions of
CD8™ T cells in the DBE@CCNPs group and the combination treatment
group were significantly increased (Fig. 5d). This was mainly due to the
recognition of the DBE@CCNPs nanovaccine by the T cells via the MHC-
1-antigen complex and through the cross-presentation of antigens after
endocytosis by DCs. These events triggered the activation and prolifer-
ation of tumor-specific CD8" T cells. Besides, if these active T cells were
not differentiated into memory T cells, the antitumor immune responses
could not achieve long-term effects, and the exhaustion of tumor-
specific T cells would also lead to immune resistance [50]. Therefore,
we focused on the changes in memory T cells in the spleen. The results
demonstrated that the number of central memory CD8" T cells and their
effect in the mice spleen were notably upregulated after combined
treatment (Fig. 5e and f). This was probably the main reason why the
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Fig. 4. Nanovaccine combination with a PD-L1 antibody for B16F10 tumor treatment. (a) Schematic illustration of the tumor prevention experiment. (b) Tumor
growth curves of different groups. (¢) Tumor weights after the preventive experiment. (d) Tumor images after tumor the preventive experiments. Scale bar = 1 cm.
(e) Schematic illustration of the tumor treatment experiment. (f) Tumor growth curves of the different groups. (g) Tumor weights after the anti-tumor experiment. (h)
Tumor images after the tumor treatment experiments. Scale bar = 1 cm ****p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant.

tumors in the combined treatment group were well controlled in the
later stage of tumor treatment.

Finally, we analyzed the immune cells of the tumors. The results of
flow cytometry showed that the number of mature T lymphocytes in the
tumor tissue in the combined treatment group significantly increased
(Fig. 5g), which could release granzyme and perforin to kill the tumor,
indicating that the immune status of the tumor tissues was improved.
The results of flow cytometry and IHC showed that both ICB therapy and
the tumor nanovaccine can promote the infiltration of CD8% T cells
(Fig. 5h and j). In the combined treatment group, this infiltration was
more obvious. Generally, the tumor microenvironment was immuno-
suppressive, which assisted the immune escape of tumor cells [51,52].
Therefore, we evaluated the activated CD8" T cells in the tumor
microenvironment after treatment. The results showed that the number
of activated CD8" T cells in the tumor microenvironment of the com-
bined treatment group was significantly higher than that in other
groups, indicating that the combined therapy reversed the immuno-
suppressive microenvironment (Fig. 5i). The immunohistochemistry of
PD-L1 in tumors showed that the expression of PD-L1 in tumor tissues
was upregulated when treated with the tumor nanovaccine (Fig. 5k).
This event reduced the activity of infiltrating T cells and impaired the
therapeutic effect. When combined with an anti-PD-L1 antibody, PD-L1
was significantly inhibited, and the infiltrating T cells could maintain

their antitumor activity and achieve a sustained antitumor effect.

4. Conclusion

In summary, this study designed a dual bioengineering process,
which subtly changed the biological signals on the surface of the tumor
cell membrane, enhanced the immunogenicity of tumor antigens, and
improved the uptake of the nanovaccine by DCs. The nanosized design
allows synergistic function between antigens and adjuvants. After sub-
cutaneous injection, the nanovaccine forms an antigen reservoir and
activates DCs for a long time. After endocytosis by DCs, the nanovaccine
can achieve antigen cross presentation through the process of lysosomal
escape, thereby activating a large number of tumor-specific CD8'T cells
to kill tumors. In addition, after the combined use of immune check-
points, the tumor inhibition effect has been further strengthened. This
dual bioengineering technology provides a new idea for the develop-
ment of a personalized tumor vaccine.

Ethical approval
All animal experiments complied with the relevant ethical standards
and all procedures were approved by the Animal Care and Use Com-
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