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Purpose: Cancer vaccines are a promising therapeutic approach in cancer immunotherapy
and can inhibit tumor growth and prevent tumor recurrence and metastasis by activating
a sustained antitumor immunoprotective effect. However, the therapeutic effect of cancer
vaccines is severely weakened by the low immunogenicity of cancer antigens and the
immunosuppressive microenvironment in tumor tissues.

Methods: Here, we report a novel hybrid membrane nanovaccine, composed of mesoporous
silica nanoparticle as a delivery carrier, hybrid cell membranes obtained from dendritic cells
and cancer cells, and R837 as an immune adjuvant (R837@HM-NPs). We investigated the
anti-tumor, tumor recurrence and metastasis prevention abilities of R837@HM-NPs and their
mechanisms of action through a series of in vivo and ex vivo experiments.

Results: R837@HM-NPs not only provide effective antigenic stimulation but are also
a durable supply of the immune adjuvant R837. In addition, R837@HM-NPs promote
antigen endocytosis into dendritic cells via various receptor-mediated pathways. Compared
with HM-NPs or R837@HM-NPs, R837@HM-NPs in combination with an immune check-
point blockade showed stronger antitumor immune responses in inhibiting tumor growth,
thus eliminating established tumors, and rejecting re-challenged tumors by regulating the
immunosuppressive microenvironment and immunological memory effect.

Conclusion: These findings suggest that the hybrid membrane nanovaccine in combination
with immune checkpoint blockade is a powerful strategy to enhance antitumor immunother-
apy without concerns of systemic toxicity.

Keywords: hybrid membrane, immune checkpoint blockade, immunotherapy, mesoporous

silica nanoparticle, nanovaccine

Introduction

Cancer immunotherapy can control and eradicate cancer cells by restarting and
maintaining the cancer-immunity cycle and restoring the body’s normal antitumor
immune response.'> By intervening in various parts of the cancer-immunity cycle
(release of cancer cell antigens, cancer antigen presentation, priming and activation,
trafficking of T cells to tumors, infiltration of T cells into tumors, recognition of
cancer cells by T cells, and killing of cancer cells), researchers have developed
a variety of cancer immunotherapy approaches. Among these, anti-programmed cell
death-1 (aPD-1) and anti-programmed cell death ligand-1 (aPD-L1) antibodies
have shown significant antitumor activity in a variety of tumor types.** However,
only a fraction of patients can achieve long-term clinical benefit from the treatment
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for numerous reasons, including the suppressive tumor
microenvironment, cancer cell heterogeneity, and drug
side effects.”® In addition, this immunotherapy strategy
requires continuous use, which imposes a significant finan-
cial burden on patients.

Cancer vaccines have now become a promising ther-
apeutic approach in cancer immunotherapy. Cancer vac-
cines mainly kill cancer cells by introducing tumor
antigens into the patients, enhancing immunogenicity, acti-
vating the patient’s own immune system, and inducing
cellular and humoral immune responses, and prevent
tumor metastasis and recurrence by generating
a sustained immune response.”® However, weak immuno-
genicity of tumor antigens has limited the development of
cancer vaccine technology.” Thus, improving the immuno-
genicity of tumor antigens is key to therapeutic cancer
vaccines. Cancer cell membrane vesicles have recently
been proposed as a new vaccine platform for cancer
immunotherapy.'®'" However, downregulation of tumor
antigen expression on cancer cell membranes weakens
the immune system, thus hindering the success of this
biological approach.'> Researchers have fed dendritic
cells (DCs) with antigen-encoding DNA or mRNA to
compel DCs to express tumor antigen on the cell
surface," thus providing artificially programmed antigen-
presenting cells (APCs) as cell-typed vaccines. In addition,
a novel cancer vaccine derived from the fusion of DCs
with cancer cells, can provide strong expression of the
entire tumor antigen complexes and the co-stimulatory
molecules, and this leads to a strong antitumor immune
response.'*

The addition of immune adjuvants is another effective
strategy to enhance the immunogenicity of tumor antigens.
Toll-like receptor (TLR) has a key role in natural and
adaptive immunity; thus, TLR agonists have been exten-
studied as
vaccines.'”'” TLR agonists produce immunostimulatory

sively potential adjuvants for cancer
effects by inducing co-stimulatory molecules on DCs and
inflammatory cytokines that favor the development of
T helper cell type 1 (Thl) immune responses.'® Of these,
TLR7 agonist R837 has been approved for the treatment of
external genital warts caused by human papillomavirus
infection, and CpG oligodeoxynucleotides have been
widely used for cancer treatment.'” Currently, various
nano-drug delivery systems have proven to be effective
in the co-delivery of antigens and adjuvants due to their
versatility and flexibility. They have achieved an active

role in enhancing immune responses.”’*? Mesoporous

silica nanoparticle (MSN) is widely used as a promising
carrier for antigen and drug delivery due to its good
biocompatibility and high carrying capacity.*>**

Scheme 1 shows our design for a novel hybrid mem-
brane nanovaccine, that is composed of MSN as a delivery
carrier and a hybrid cell membrane obtained from DCs and
cancer cells, and R837 serves as an immune adjuvant
(R837@HM-NPs). R837@HM-NPs have several novel-
ties. First, R§37@HM-NPs can be efficiently delivered to
secondary lymphoid tissues such as lymph nodes and
APCs, because nanovaccines of medium size can be
retained in lymph nodes for a considerable period of
time.*> Second, R837@HM-NPs can improve the pharma-
cokinetic properties of the drug payload by encapsulating
adjuvants, thus further enhancing the immunomodulatory
effects. Third, R837@HM-NPs derived from DCs and
cancer cells are not only capable of direct T-cell immune
activation via APCs, but also carry tumor antigens that can
be recognized by DCs, thus inducing a DC-mediated T-cell
immune activation. The combination of these two path-
ways provides a potent antitumor immune response.
Finally, and most importantly, the vaccine platform is
flexible, thus allowing loading of different antigens and
adjuvants for accommodating diverse functions and treat-
ing different types of cancers. We hypothesize that our
prepared R837@HM-NPs can induce DC maturation and
stimulate T cell production (Scheme 1). After being com-
bined with aPD-1, R837@HM-NPs can achieve remark-
able synergistic responses in inhibiting tumor growth,
eliminating established tumors, as well as rejecting re-
challenged tumors by regulating the immunosuppressive
microenvironment, promoting the antitumor immune
response and immunological memory effects.

Materials and Methods

Materials

Roswell Park Memorial Institute (RPMI) 1640 medium and
fetal bovine serum (FBS) were purchased from Gibco Life
Technologies (USA). The antibodies of CD3, CD4, CDS,
CDl11b, CDllc, CD44, CD45, CD62L, CD80, CD86,
CD206, Foxp3, F4/80 and the enzyme-linked immunosor-
bent assay (ELISA) test kits of IL-6, IL-12p40, IFN-y and
TNF-a were acquired from Sigma-Aldrich (USA).
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay was purchased from Thermo Fisher
Scientific (USA). TUNEL Apoptosis Detection Kit were
obtained from Vazyme (China). Interleukin-4 (IL-4) were
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Scheme | Schematic illustration of hybrid membrane derived nanovaccine for enhancing cancer immunotherapy.

purchased from Beyotime Institute of Biotechnology
(China). Granulocyte-macrophage colony-stimulating factor
(GM-CSF) were purchased from BioLegend, Inc (USA).
R837 (imiquimod) was obtained from InvivoGen (France).
aPD-1 was obtained from Bio X Cell (USA). All reagents
were directly used without purification unless specified
mentioned.

4T1 (triple negative breast cancer cell line), HBL-100
(human mammary epithelial cell line) and B16F10 (mur-
ine melanoma cell line) cells were bought from American
Type Culture Collection (Manassas, VA, USA). The cells
were cultured in a RPMI 1640 medium containing 10%
FBS, penicillin (100 UI/mL), and streptomycin (100 UI/
mL) with 5% CO, at 37 °C. Bone marrow-derived den-
dritic cells (BMDCs) were isolated from the tibia and
femur of the BALB/c mice according to an established
method. '

BALB/c mice at 6 weeks of age were obtained from
SiPeiFu Biotechnology Co., Ltd (Beijing, China). All pro-
cedures were performed under sterile conditions. Details
about the treatment schedule are shown in the figure
legends. All animal experiments were approved by the
Animal Ethical and Welfare Committee of Tianjin
Medical University Cancer Institute and Hospital, and all
animal studies were conducted in accordance with the
guidelines of this committee.

Method of Fusing of BMDCs and 4T |
Cells

The method of fusing bone marrow-derived dendritic cells
(BMDCs) and 4T1 cells has been described in previous
research.'® Briefly, 4T1 cells were inactivated by pretreat-
ment with 20% ethanol for 15 min in an ice bath. BMDCs
were then mixed with inactive 4T1 cells in a 2:1 ratio and
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centrifuged at 500 g. Next, serum-free RPMI 1640 was
slowly dripped into the above mixture. The solution was
centrifuged and resuspended in the RPMI 1640 containing
10% fetal bovine serum (FBS) and interleukin-4 (IL-4, 10
ng/mL). Hybrid cells were cultured at 37°C in a humid
atmosphere and the medium was changed every other day.

Preparation of R837@HM-NPs

To achieve hybrid membrane encapsulation, R837@MSN
was first mixed with hybrid membrane at a weight ratio of
2:1 and then resuspended in phosphate buffered saline
(PBS). The mixed solution was sonicated in a cold-water
bath until the solution became clear. We then used an
Avanti mini-extruder to extrude 11 times and centrifuged
(2000 rpm X 5 min) to remove the excess hybrid mem-
brane vesicles. Finally, the R837@HM-NPs was obtained.

Cellular Uptake of HM-NPs in BMDCs
To observe whether HM-NPs could promote cellular
uptake of antigens by BMDCs, HM-NPs were incubated
with BMDCs for 4 h at 37 °C, followed by three rounds of
rinsing with cold PBS to remove the extracellular HM-
NPs. BMDCs were then labeled with 4, 6-diamidino-
2-phenylindole (DAPI) and observed under confocal
laser scanning microscope (CLSM).

Endocytic Mechanism of R837@HM-NPs

in BMDCs

To further explore the pathway of R837@HM-NPs into
BMDCs, we pretreated these cells with several cellular uptake
inhibitors and blocked the corresponding endocytic
pathway.?*?” BMDCs were treated with filipin (15 pg/mL),
amiloride (10 pg/mL), chlorpromazine (10 pg/mL), monensin
(10 pg/mL), methyl-B-cyclodextrin (10 pg/mL), and ethyliso-
propylamiloride (20 pg/mL) at 37 °C for 2 h. The pretreated
cells then were co-incubated with R837@HM-NPs for 4 h and
untreated cells were used as a negative control. The cells were
then trypsinized, centrifuged, and lysed by ultrasonication.
Finally, R837 was extracted from the cells and assayed by
reverse phase high performance liquid chromatography.

Effect of R837@HM-NPs on BMDCs

in vitro

To verify whether R837@HM-NPs could promote BMDC
activation and antigen cross-presentation, immature
BMDCs were co-cultured with R837@HM-NPs in a 5%
CO, cell incubator at 37°C for 4 h. BMDCs were then

stained with fluorescently labeled antibodies against
CDllc, CD80, and CD86. Events were collected and
plotted by flow cytometry. Meanwhile, cytokines such as
interleukin-6 (IL-6), interleukin-12p40 (IL-12p40) and
tumor necrosis factor-a (TNF-o) released from culture
supernatants were quantified by ELISA according to the

manufacturer’s protocols.

In vitro Antitumor Ability of
R837@HM-NP-Activated Immune Cells

To obtain single cell suspensions of spleen, the mouse
spleen was first removed and placed in a culture dish
containing pre-cooled RPMI 1640 culture medium, and
excess connective tissues and fat were removed. The
spleen was then gently ground to a celiac fluid, followed
by filtration through a 70-pm nylon membrane to obtain
single cell suspensions of spleen. Red blood cell lysis
buffer was then added, suspended for 10 min, and then
centrifuged (800 g, 5 min). The cells were then washed
twice with PBS and resuspended with 5 mL of 1640
culture medium.

To further evaluate the activation levels of
T lymphocytes, BMDCs were pre-treated with PBS,
R837, R837@MSN, HM-NPs and R837@HM-NPs for
24 h. T lymphocytes were then added to BMDCs at
a ratio of 5 (BMDCs to T cells) and co-cultured for 24
h. The T lymphocytes were washed three times with PBS,
stained with CD3, CD4, and CDS8 antibodies; and then
counted by flow cytometry. The Kkilling ability of
R837@HM-NP-activated immune cells to HBL100, 4T1
and B16F10 (the ratio of activated splenic lymphocytes to
target cells was 5:1) was measured via a lactate dehydro-
genase microplate Assay.

Prophylactic Effect of R837@HM-NPs

To test the preventive effect of R837@HM-NPs on
tumors, BALB/c mice were first intravenously inoculated
with R837@HM-NPs in the left groin three times every
four days. One week after the last R837@HM-NPs injec-
tion, 4T1 cells (5x10°) were subcutaneously injected into
the left flank of the mice. The tumor volume (0.5 x length
x width?) and survival time of mice were recorded.
Cytokines in blood, including IL-6, IL-12p40, and TNF-
o were detected by ELISA. Activated T cells were isolated
from the tumors, stained with CD3, CD4 and CDS, and
then analyzed by flow cytometry.
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Therapeutic Effect of R837@HM-NPs in

Combination with aPD-I

To evaluate the therapeutic effect of R837@HM-NPs on
established tumors, 4T1 cells (5%10°) were injected sub-
cutaneously into the left flank of BALB/c mice. Seven
days later, the tumor-bearing mice were randomly divided
into five groups (n = 6 per group), including PBS, HM-
NPs, aPD-1, R837@HM-NPs and R837@HM-NPs+aPD-
1. The treatment drugs were injected intravenously every
four days for a total of three injections (10 mg/kg for aPD-
1 monotherapy or combination treatment groups). The
tumor volume and body weight of the mice were recorded
every two days during the treatment period.

Tumor tissues and major organs were removed, dehy-
drated, embedded, sectioned for 3 pum, and stained with
hematoxylin and eosin (H&E) for histological analysis.
The apoptosis of tumor cells was detected by TUNEL
assays. Activated T cells were isolated from the tumors,
stained with CD3, CD4 and CDS, and then analyzed by
CLSM and flow cytometry. Regulatory T-cells (Treg,
CD4"  Foxp3"), Ml phenotype  macrophages
(CD80"CD11bF4/80") and M2 phenotype macrophages
(CD206'CD11b"F4/80") in the tumors were also analyzed
by flow cytometry. Cytokines in serum, including IL-6, IL-
12p40, and TNF-o were detected by ELISA. The whole
blood was collected and analyzed by blood biochemistry
analyzer (MNCHIP, Tianjin) and fully automated hematol-
ogy analyzer (MC-6200VET) through the end of the
experiments.

RNA Sequencing and Bioinformatic
Analysis

The methods of RNA sequencing and bioinformatic ana-
lysis refer to previous literature.”® RNA samples were
extracted from the tumor tissues treated as described
above and RNA library preparation used a VAHTS
Stranded mRNA-seq Library Prep Kit for Illumina V2.
RNA-seq was then performed on an Illumina HiSeq
X ten PE150. The degree of infiltration at different
immune cell types in tumor tissues treated as described
above was then evaluated using a gene set enrichment
analysis (GSEA).” The data were analyzed by
R software (version 4.0.5) using GSVA, LIMA and
GSEABase packages provided by Bioconductor. The bio-
logical functions of immune-related genes were mainly
derived from gene ontology enrichment analysis based
on differential gene expression profiles.

Immunological Memory Effect of
R837@HM-NPs in Combination with
aPD-1

To evaluate the immunological memory effect of
R837@HM-NPs in combination with aPD-1, we need to
establish the tumor-bearing mice model by subcutaneously
injecting 4T1 cells (5%x10°) into the left flank of mice.
After 1 week, we eliminated the left tumor with the fol-
lowing treatment (surgery, oPD-1, R837@HM-NPs and
R837@HM-NPs+aPD-1). After 25 days, 4TI
(2x10°) were injected subcutaneously into the right flank

cells

of the mice. The tumor volume of the right flank and
survival time of mice were also recorded from the day of
right tumor inoculation. The expression levels of effector
memory T cells (Tgy, CD3+CD8+CD44+CD62L7) and
central memory T cells (Tcy, CD3'CD8"CD44 'CD62L")
in the spleen were detected by flow cytometry at day 35.
Interferon-y (IFN-y) in serum was also detected by ELISA.

Statistical Analysis

Unless otherwise stated, all experiments were repeated
three times. Experimental results were presented as mean
+ standard deviation. Statistical differences between
groups were calculated using the Tukey’s test. *P<0.05
means statistically different and **P < 0.01 means signifi-
cantly different.

Results and Discussion

Construction and Characterization of
R837@HM-NPs

The most critical step in the preparation of R837@HM-NPs
is the synthesis of hybrid membrane. In this experiment, we
chose 4T1 cells as the model cancer cell line. Hybrid mem-
branes were synthesized using DCs and 4T1 cells according
to the previous method.” To express “cat-me” signals on the
surface of hybrid membrane, we first treated 4T1 cells with

1.3° Ethanol-treated 4T1 cells were then mixed with

ethano
DCs in PBS at a ratio of 1:2. The entire process continued
for 2 min at 37°C, and the cells were then collected and
washed with RPMI 1640 medium and cultured continuously
for six days under normal conditions, thus allowing the
expression of peptide-loaded major histocompatibility com-
plex (pMHC), co-stimulatory molecules, and lymph node
homing receptors on the hybrid membrane.*' The character-
istics of the hybrid membrane depend on its membrane

proteins, and thus we used Western blotting analysis to
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Figure | Physicochemical characterization of R837@HM-NPs. Size distributions (A—C) from dynamic light scattering analysis of MSN, R837@MSN and R837@HM-NPs.
(D) Evidence for the coverage of hybrid membrane coated on the surface of MSN by confocal microscopy. (E) Size changes of R837@HM-NPs over seven successive days in
PBS. (F) Zeta potential changes of R837@HM-NPs in seven successive days in PBS. (G) In vitro release profiles of R837 from R837@MSN and R837@HM-NPs in PBS (at
pH 5.0 and pH 7.4). (H) Cell viability of BMDCs incubated with PBS, MSN and HM-NPs at different concentrations measured at 48 h.

measure protein markers on the hybrid membrane. The
results showed that the cell membrane-specific markers
pan cadherins and Na'/K"-ATPase were well preserved. In
contrast, the Lamin B1 (nuclear envelope marker), calnexin
(endoplasmic reticulum membrane marker) and HSP 60
(mitochondrial marker) did not appear on the hybrid mem-
brane (Figure S1).

The hybrid membrane was next extruded with the MSN
according to a reported procedure.?® In addition to the anti-
gen and delivery system, adjuvants were another key ele-
ment in the nanovaccine delivery system. R837 is an
important adjuvant that interacts with tumor-associated anti-
gens to produce tumor-specific immune responses and is
involved in the regulation of the immune response. R837
was thus loaded into the MSN during the synthesis process.

Figure 1 and Table 1 show that coating a hybrid mem-
brane to the MSN surface led to a subtle increase in the
hydrodynamic diameter of MSN. The surface zeta poten-
tial of R837@HM-NPs increased from —17.5 to —15.6 mV,
similar to that of hybrid membrane -derived vesicles. This
also shows that the MSN had been successfully wrapped
in a hybrid membrane. Key physicochemical parameters
that affect lymphatic uptake have been identified, includ-
ing size, charge, and hydrophobicity. Nanoparticles with
an average diameter of less than 100 nm can be diffused
and transported through the tissue interstitium, across the
weak cell-cell junctions of the lymphatic endothelium, and
subsequently drained into the lymph nodes. Moreover, the
negative surface charge of R837@HM-NPs provides an
additional advantage for lymph node targeting. Thus, the
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Table | Physicochemical Characterization of R837@HM-NPs
Samples Diameter (nm) Polydispersity Zeta Potential Encapsulation Loading
(mV) Efficiency (%) Efficiency (%)
MSN 4723 0.17+0.02 -19.3%1.1
R837@MSN 65+4.2 0.23+0.04 —17.5x1.4 85.7+3.9 9.5%1.3
R837@HM-NPs 71%4.1 0.21+0.03 —15.6x1.9 89.1+4.4 10.9£2.1

electrostatic repulsion of the negatively charged interstitial
matrix allows the R837@HM-NPs to move faster and to
accumulate more efficiently in the draining lymph
nodes.**?

To verify whether the hybrid membrane was wrapped
around the surface of MSN, we next labeled the hybrid
that
a generally uniform red shell is observed on the surface
of the MSN, indicating that the MSN was successfully
covered by the hybrid membrane. The diameter of
R837@HM-NPs in the PBS and RPMI 1640 medium

containing 10% FBS remained stable for 7 days, indicating

membrane with DID dye. Figure 1D shows

good stability in the physiological state. This in turn lays
the foundation for in vivo biological
(Figures 1E and S2).'**

The R837 content in the supernatant was measured to
monitor the release kinetics of R837 from R837@MSN
and R837@HM-NPs in PBS at pH 5.0 and 7.4. R837 had
a burst release of 68% from R837@MSN during the
first day in PBS at pH 7.4 followed by a slower and
more sustained release, which was faster than the release
behavior of R837 from R&837@HM-NPs (42%) in the
first day. These data indicate that the hybrid membrane

application

can prevent premature drug release. Under the same con-
ditions, the release rate at pH 5.0 was significantly higher
than that at pH 7.4 (Figure 1G).

The safety of nanovaccine vector systems is a key issue
that must be considered before biological applications. To
evaluate the in vitro safety of MSN and HM-NPs, BMDCs
and 4T1 cells were co-cultured with different concentra-
tions of MSN and HM-NPs for 48 h, and their cell viabi-
lity was assayed by MTT. As shown in Figures 1H and S3,
the survival rates of both cells were not significantly
different compared with the control group even at
a concentration of 300 pg/mL, indicating that MSN and
HM-NPs have good in vitro biocompatibility.

Cellular Uptake of HM-NPs

After the vaccine is injected into the body, the antigen is
first processed by APCs (including macrophages and DCs)

to activate the innate immune system.” Hence, the cellular
uptake function of nanovaccines is a critical prerequisite to
evaluate nanovaccine effectiveness. To evaluate the uptake
of HM-NPs by BMDCs, BMDCs were co-incubated with
calcein-loaded MSN and HM-NPs and examined by
CLSM and flow cytometry, respectively. Figure 2 shows
that the cellular uptake efficiency in the HM-NPs group
was significantly higher than that in the MSN group,
which was consistent with the flow cytometry results.
The enhanced cellular uptake of HM-NPs containing anti-
gen and adjuvant by APCs facilitated a stronger immune
response.

DCs can achieve nanoparticle endocytosis through
multiple mechanisms, including macropinocytosis, as
well as clathrin and caveolae-dependent endocytosis.”
To elucidate the endocytic pathway of HM-NPs involved
in BMDCs in detail, cellular uptake analysis was per-
formed in the presence of various endocytosis inhibitors
such as filipin, amiloride, chlorpromazine, monensin,
methyl-B-cyclodextrin and ethylisopropylamiloride
(Figure 2C). The results showed that filipin, amiloride,
chlorpromazine, methyl-B-cyclodextrin and ethylisopropy-
lamiloride showed significant inhibitory effects on the
cellular internalization of HM-NPs. Amiloride and ethyli-
sopropylamiloride were inhibitors of macropinocytosis
and can block macropinocytosis by lowering submem-
brane pH and blocking Rac 1 and Cdc 42 signaling.*® In
addition, filipin, chlorpromazine and methyl-B-
cyclodextrin reduced HM-NP internalization by 30.81%,
43.12% and 49.24%, respectively, indicating that caveolae
and clathrin-mediated endocytosis play an important role
in HM-NP internalization in addition to macropinocytosis.

Activation of BMDC:s in vitro

DCs are a typical APC and can deliver vaccine informa-
tion to T cells and later play an important role in cancer
immunotherapy.”’ Maturation of DCs is often accompa-
nied by antigen presentation and subsequent initiation of
immune response, thus upregulation of co-stimulatory
molecules (CD80, CD86) on the cell surface is often
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Figure 2 Cellular uptake and endocytic mechanism of HM-NPs in BMDCs. (A) CLSM images of BMDCs after 4 h incubation with calcein-loaded MSN and HM-NPs. (B)
Cellular uptake of MSN and HM-NPs in BMDCs by flow cytometric analyses after 4 h of incubation. Control indicates the autofluorescence of untreated cells. (C) Cellular
uptake efficiency of R837@HM-NPs in BMDCs in the presence of different endocytosis inhibitors.

considered to be a marker of DC maturation.>®3°

Upregulation of CD80 and CD86 was greatest in
BMDCs in the R837@HM-NPs group as a result of the
DC maturation versus treatment of R837 and R837@MSN
(Figure 3A and B).

The immune-related cytokines secreted by BMDCs
are another important indicator of DC maturation and
were detected here using ELISA. Consistent with the

BMDC maturation results, the R837@HM-NPs treat-
ment induced the BMDCs to secrete more IL-6, IL-
12p40 and TNF-a (Figure 3C-E). Both IL-12 and
TNF-a are cytokines necessary for stimulating T cell
proliferation and inducing tumor-specific CTL
responses.***! Our data suggest that R837@HM-NPs
activate BMDC maturation more effectively than free
R837 and R837@MSN.

80 https:

Dove!

International Journal of Nanomedicine 2022:17


http://Figure%25203C
https://www.dovepress.com
https://www.dovepress.com

Dove Zhao et al
A PBS R837 R837@MSN HM-NPs R837@HM-NPs
105 7.73% 105 15.12% 105 23.67% 105 25.78% 105 34.01%
10 104 104 104 104
3 y
a |10 103 103 103 103 .
@) § {
102 102 S 102 U 102 O 10 &
102 10 10* 10° 102 10 10* 10° 102 10 10* 105 102 103 10* 105 102 10 10* 105
CDS80
B =80 C a0 — D 3o = E 000 -
s ud * = = 3000 *
% 60 = 3000 E h
Q] * 2 3000 T8 B 2000+ %
Z 40 32000- ' s 5 20001
SR At & 10004 z
5 20 = 10004 —— D Z 1000 P'[
2 =
= 174 H oL ﬁ oLap H o
oL e A 4 e T o A s e FHF L
a SR P L & O * L I F &S s
FELESS TEFSS FTEFS S T
A& ,z&\ '~§\ AN @Q & RS @72‘ Qg'," &
& Q) ® N Ad N &
<& A & & <&
& ¢ &
F PBS R837 R837@MSN HM-NPs R837@HM-NPs
105| 14.90% 105| 24.21% 105 | 27.10% 105 | 33.47% 105| 46.14%
104 104 10¢ 104 10*
® | S
a |10 103 10° 103 ( 103 —1 @
Q A » 7904 = 22.48% 22.33% ‘ ﬂ‘ 14.97%
10| (6! 949% | yq2 1272% 1 0 Q = T O 3 12| = &
102 10°  10* 105 102 10 10* 10° 102 10° 10* 10° 102 105 10* 10° 102 10 10* 10°

CD4

Figure 3 The immune stimulatory effect of R837@HM-NPs on BMDC:s in vitro. (A) Representative flow cytometry data to show BMDCs maturation induced by different
treatments in vitro. (B) Representative statistical data to show BMDCs maturation induced by different treatments in vitro. ELISA results of IL-6 (C), IL-12p40 (D), and TNF-
a (E) secretion from BMDCs after R837@HM-NPs treatment. (F) Flow cytometric analyses of the expression of CD4 and CD8, the markers for T cell activation, after
in vitro incubation of T cells with PBS, R837, R837@MSN, HM-NPs, and R837@HM-NPs for 24 h. *P < 0.05, **P < 0.01.

DCs can recognize antigens and then process them into
antigen peptides in the form of pMHC when transferred to
nearby draining lymph nodes, where pMHCs are presented
to T cell receptors that activate T cells and kill cancer
cells.** Next, R837@HM-NPs-treated BMDCs were first
co-cultured with T cells and their induction of T-cell
activation was examined by flow cytometry. The results
showed that the percentage of CD3" CDS8" CTLs was
higher in the R837@HM-NPs-treated BMDCs group
than the other control groups (Figures 3F and S4).
Activated T cells by R837@HM-NPs-treated DCs were
next cultured with HBL-100, 4T1, and B16F10 cells at
a number ratio of 5:1 (T cells versus HBL-100, 4T1, or
B16F10 cells) to detect the killing ability of T cells on
cancer cells. The results showed that the cell-killing effect
of activated T cells on 4T1 cells was significantly stronger
than the other cells; minimal cell toxicity was observed in
HBL-100 and B16F10 groups (Figure S5), indicating that
R837@HM-NPs have strong immunological specificity.

R837@HM-NPs as a Vaccine for Tumor
Prevention

The tumor-preventive effect of the nanovaccine was next
evaluated by a series of in vivo experiments. First, BALB/c
mice were immunized with different formulations of vaccines
and were challenged to study antitumor immunity. Then 4T1
cells were inoculated subcutaneously 7 days after the last
immunization (Figure 4A). Mice in the R837@HM-NPs
group had significantly smaller tumor volumes (Figure 4B
and C) at all time points and significantly longer survival
times than all other groups (Figure 4D). Consistent with the
in vitro results (Figure 3), vaccination with R837@HM-NPs
induced the highest expression of CD80 and CD86 in DCs at
the inguinal lymph nodes of treated mice compared with that
induced by R837 alone or R837@MSN treatment (Figures 4F
and S6). Figure 4E shows that the R§37@HM-NPs group had
the highest expression of inflammatory factors (IL-6, IL-12p40
and TNF-a), confirming that it induces a stronger immune
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Figure 4 The preventive efficacy of R837@HM-NPs nanovaccine for tumor occurrence in vivo. (A) Schemes of tumor prevention experiment design. The average tumor
growth curves (B) and individual tumor growth curves (C) for different groups of mice as indicated (n = 6). (D) Survival curves as a function of treatment type. (E) Cytokine
concentrations including IL-6, IL-12p40 and TNF-a in serum from treated mice. (F) Representative flow cytometry data to show DCs maturation in lymph nodes induced by
different treatments in vivo. (G) Flow cytometric analysis of CD4" and CD8" T cells in tumors, gated on CD3" T cells. *P < 0.05, **P < 0.01.

while the HM-NPs treatment led to a significant increase in the
frequency of CD8" T cells 40.14%. These data suggest that
HM-NPs enhanced the response of systemic T cells in vivo. In

response. Next, the T cell responses induced by R837@HM-
NPs in vivo were also investigated (Figures 4F and S7). The
results showed that R837 induced 27.99% of CD8" T cells,

https: International Journal of Nanomedicine 2022:17

82

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=346044.zip
https://www.dovepress.com
https://www.dovepress.com

Dove

Zhao et al

addition, R837@HM-NPs were more effective than single
HM-NPs, perhaps because of the synergistic activation of
TLR and the hybrid membranes.

Therapeutic Effect of R837@HM-NPs in

Combination with aPD-1 on Tumors
To evaluate the antitumor effect of R837@HM-NPs, we suc-
cessfully established a 4T1 tumor model by subcutaneously

injecting 4T1 cells into the left flank of each mouse. The flow
chart of the in vivo experiments is shown in Figure SA. At 24
d after injection of 4T1 cells, the tumor volume in PBS-treated
mice was 2191 mm?>, while a significant tumor growth inhibi-
tion was observed in R837@HM-NPs-treated mice with an
average tumor volume of 646 mm®. Only injection of R837
slightly inhibited the tumor growth. It was particularly

encouraging that the best treatment effect was observed in
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Figure 5 In vivo therapeutic effect of R837@HM-NPs nanovaccine in combination with aPD-1. (A) Schematic illustration of combining R837@HM-NPs-based vaccination
with aPD- | therapy to inhibit established 4T| tumors. The average tumor growth curves (B) and individual tumor growth curves (E) for different groups of mice as indicated
(n = 6). (C) Weights of tumors from 4T | -bearing mice receiving different treatments. (D) Body weight profiles of tumor-bearing mice during treatment. Representative H&E
(F) and TUNEL (G) images of tumor tissues in different treatment groups at the end of the experiments. Cell nuclei were stained blue, and TUNEL was stained green. Scale
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the treatment groups. Scale bar; 20 um. *P < 0.05, **P < 0.01.
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the R837@HM-NPs combined with aPD-1 group (Figures 5B,
C and E and S8). In addition, the results of H&E staining and
TUNEL assays in tumor tissues showed that R837@HM-NPs
in combination with oPD-1 effectively promoted necrosis and
apoptosis of tumor cells versus all other groups (Figure SF and
G). This is consistent with studies in recent years whereby
cancer vaccines combined with immune checkpoint blockade
can improve antitumor efficacy.*>**

To understand the mechanisms of how R837@HM-
NPs in combination with aPD-1 act to enhance the anti-
tumor immune response, we next analyzed the status of
T cells and tumor microenvironment in this scenario in
detail. First, immunofluorescence staining and flow cyto-
metric analysis (Figures SH and 6A and B) showed that
the infiltrating CD8" T cells were significantly higher in
mice in the R837@HM-NPs+aPD-1 group than in all
other groups, indicating the strongest T cell-mediated
immune response in the combined treatment group. We
next examined the status of Tregs in each group of mice.
Tregs play a suppressive role in antitumor immunity by
inhibiting CTL responses through multiple cellular and
molecular mechanisms.*> The proportion of Tregs
(Figure 6C and D) was reduced and the CDS8'/Tregs
ratio (Figure 6I) was significantly higher in the
R837@HM-NPs+ oPD-1 group compared with the PBS
group and the R837@MSN group. Similar results have
been reported in other studies: R837 prevented the expan-
sion of Tregs.? In addition, R837@HM-NPs combined
with oPD-1 induced a switch from anti-inflammatory to
pro-inflammatory =~ macrophages  during  treatment
(Figure 6E-H). These findings suggest that R837@HM-
NPs in combination with aPD-1 can favorably regulate the
tumor microenvironment by decreasing Tregs, expanding
the CD8"/Treg ratio, and promoting macrophage polariza-
tion to M1 phenotype. These steps lead to remodeling of
the immune microenvironment of tumors making them
sensitive to aPD-1 treatment. The secretion of cytokines
is also important for stimulating antitumor immunity.
Cytokines such as IL-6, IL-12p40 and TNF-a (Figure 6J-
L) were detected in serum by ELISA. The highest levels
of inflammatory factors in the R837@HM-NPs+aPD-1
group could be seen, further indicating that
a combination of R837@HM-NPs with aPD-1 could
induce a stronger immune response.

The number and activation status of tumor-infiltrating
immune cells are closely related to the effects of

immunotherapy.*® There was a strong immune response

against the tumor when the number of infiltrating lym-

phocytes in  tumor tissues was  significantly
increased.”®*®*” Therefore, we conducted a preliminary
exploration of the antitumor molecular mechanisms in
each treatment group. Figure 6M and N show a heat
map analysis obtained from tumor transcriptome data:
The combination treatment of R837@HM-NPs with
aPD-1 resulted in a good accumulation of immune effec-
tor cells including B cells, granulocytes, macrophages,
memory CD4" T cells, NK cells, NK/T cells and T cells.
The results were further confirmed by gene ontology
biological process analysis, and the combination treat-
ment group against 4T1 tumors exhibited a strong
immune response.

Biosafety is an important prerequisite for clinical appli-
cations of nanovaccines. Therefore, we evaluated toxicity
in vivo. Body weight was normal in all groups, indicating
that no toxicity occurred during treatment with the various
agents (Figure 5D). There were no obvious pathological
changes in major organs such as heart, liver, lung, spleen,
and kidney (Figure 7A). In addition, the biochemical
indexes and blood count of the mice remained in the
normal range, indicating that R837@HM-NPs combined

with oPD-1 therapy is safe (Figure 7B).

Immune Memory Effect R837@HM-NPs
in Combination with aPD-1 on

Rechallenged Tumors
The organism undergoes immunization with tumor-specific
antigens to produce the immune memory effect and provide
long-term immune protection against tumor recurrence.*®
Thus, we investigated the efficacy of hybrid membrane
nanovaccine in the prevention of tumor recurrence through
immune memory effects. BALB/c mice were inoculated
subcutaneously into the left flank of the mice with 5x10°
4T1 cells on day 0 and then immunized with surgery, aPD-1,
R837@HM-NPs and R837@HM-NPs+oPD-1. A second
batch of 4T1 tumor cells was then inoculated subcutaneously
into the right flank of the mice on day 25 (Figure 8A). The
results showed that R837@HM-NPs+oPD-1 realized the
best tumor therapeutic benefit and significantly prolonged
the median survival time of mice (Figures 8B and C and S9).
To further investigate the immunological memory
effect induced by the combined immunotherapy, spleen
was next collected from mice in each treatment group
on day 35. Memory CD8'T cells were classified into
Tgm and Tey subsets based on the expression pattern of
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Figure 6 The immune activation mechanism of R837@HM-NPs in combination with aPD-1 on inhibition of 4T| tumor growth. Representative flow cytometry data of
tumor infiltrating CD4"CD8'T cells (A), CD4 Foxp3*T cells (C), CD80CDI Ib*F4/80" cells (E), and CD206"CDI I1b*F4/80" cells (G) for different groups of mice after
various treatments. Representative statistical data of tumor infiltrating CD4"CD8'T cells (B), CD4'Foxp3™T cells (D), CD80"CDIIb*F4/80" cells (F), and
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CD62L and CD44.*° The results showed that the percen-
tage of Tgy and Tey in mice was significantly higher in
the combination group of R837@HM-NPs+ aPD-1 than in
other control groups (Figure 8D-F). In addition, Tgym
could produce protective immune responses such as cyto-
kines (eg, IFN-y) after a second encounter with the same
pathogen. As shown in Figure 8G, higher concentrations
of IFN-y were obtained in the combination treatment
group. The results indicated that a combination of
R837@HM-NPs and oPD-1 produced the strongest
immune memory tumor

response and prevented

recurrence.

Conclusions

In summary, we developed a novel and efficacious vaccine
nanoplatform composed of hybrid membranes obtained
from DCs and cancer cells for antigen delivery and homo-
genous targeting, MSN as a nanocarrier, and R837 as an
immune adjuvant. R837@HM-NPs can effectively stimu-
late DC maturation, promote antigen presentation, and
induce DCs to secrete large amounts of pro-inflammatory
cytokines. In vivo experiments confirmed that
a combination of R837@HM-NPs and aPD-1 therapy not
only effectively inhibited tumor growth and prolonged the
survival time of tumor-bearing mice by promoting CD8"
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Figure 8 The long-term immunological memory effects of R837@HM-NPs nanovaccine in combination with aPD-1 therapy against the rechallenged 4T | tumor model. (A)
Schematic illustration of R837@HM-NPs nanovaccine in combination with aPD-1 therapy against the rechallenged 4T| tumor model. (B) Tumor growth curves of the right
tumor for different groups of mice (n = 6). (C) Survival curve of mice treated with various formulations after inoculation of the right tumor. Representative flow cytometry
data (D) and statistical data (E and F) of Tgm and Ty in the spleen analyzed by flow cytometry (gated on CD3*CD8" T cells) on day 35. (G) Concentration of IFN-y in
serum from tumor-bearing mice isolated on day 35.*P < 0.05, **P < 0.01.

T cell-mediated immune response and modulating the
tumor immunosuppressive microenvironment, but also

suppressed tumor recurrence. This synergistic treatment

ical applications.

approach can safely and effectively trigger a stronger

immune response, thus offering broad prospects for clin-
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