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ABSTRACT

Background Considering the narrow immune response
spectrum of a single epitope, and the nanoparticles

(NPs) as a novel adjuvant can achieve efficient delivery

of antigenic peptides safely, a nano-system (denoted

as DSPE-PEG-Man@EM-NPs) based on cathepsin
B-responsive antigenic peptides was designed and
synthesized.

Methods Highly affinitive antigenic peptides were
delivered by self-assembled NPs, and targeted erythrocyte
membranes acted as a peptide carrier to improve antigenic
peptides presentation and to strengthen cytotoxic T-cells
reaction. Cathepsin B coupling could release antigenic
peptides rapidly in dendritic cells.

Results Evaluations showed that DSPE-PEG-Man@EM-
NPs had obvious inhibitory effects towards both MCF-7
and MDA-MB-231 human breast cancer cell lines.
Conclusion Overall, this strategy provides a novel
strategy for boosting cytotoxic T lymphocytes response,
thereby expanding the adaptation range of tumor antigenic
peptides and improving the therapeutic effect of tumor
immunotherapy with nanomedicine.

INTRODUCTION

Breast cancer is one of the most serious
malignant tumors that threaten women'’s life,
and its morbidity has gradually increased in
recent years.' > Although the mortality rate of
breast cancer has gradually decreased with the
development of early diagnosis and compre-
hensive treatment, there is still a high prob-
ability of metastasis and recurrence, which
is possibly related to mechanisms of resis-
tance, regulation of relevant signaling path-
ways and activation of oncogenes.” * Recent
studies found that regulating interrelation
between immune system and tumor micro-
environment of hosts and investigating its
corresponding mechanism can provide some
clues for the treatment of breast cancer.” ® At
present, researches of immunotherapy on

breast cancer mainly focuses on vaccines,
chimeric antigen receptor-engineered T
lymphocytes and immune checkpoint inhib-
itors.” " Additionally, due to the influence of
tumor staging, individual immune status, and
mutations, there are more and more claims
about the precision treatment, but the diffi-
culty and cost of that are certain. Compared
with other immunotherapies in develop-
ment, the peptide vaccine that is artificially
synthesized using an epitope peptide of a
tumor specific antigen, is more convenient. It
can be effectively recognized by the antigen
presenting cells (APCs) and directly bind to
the major histocompatibility complex (MHC)
molecules, thereby activating T lymphocytes,
and inducing strong specificity.''™"* Since the
discovery of tumor-specific antigens by Boon
et al, many tumor antigens have been found,
and relevant cytotoxic T lymphocytes (CTLs)
epitopes have been identified.'* ' Many
synthetic peptide vaccines such as melanoma
antigen (MAGE), New York esophageal squa-
mous cell carcinoma-1 (NY-ESO-1), human
papillomavirus HPV16 E7 synthetic peptides,
oncogenes, peptide fragments of tumor
suppressor gene products and mucin have
been reported.'” For example, Eikawa et al
found a 20-mer NY-ESO-1 peptide harboring
multiple CD8" T lymphocyte epitopes useful
as an NY-ESO-1 vaccine.”' Shi et al reported
that pMAGE-A1(278-286) epitope might
serve as a surrogate tumor antigen target of
specific immunotherapy for treating human
leucocyte antigen-A2 (HLA-A2) patients with
malignant glioma.” Rahma e/ al demon-
strated the feasibility and ability of preim-
mature dentritic cells (DGCs) pulsed with
HPV16 E6 (18-26) or HPV16 E7 (12-20) for

inducing a specific immune response against
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relevant peptide.”” Various studies have shown that the
vaccines are safe and specific, but their failure in clinical
trials still exists mainly because of the following reasons.

First, the regulatory mechanism behind the immune
response is complex. Tumor cells will spontaneously
downregulate or lose some of the surface antigen epitopes
(called antigen modulation) due to a basic instinct to
protect themselves.** Consequently, CTLs are disabled to
effectively identify tumor cells, and organism could not be
protected from damage.* Moreover, the immunogenicity
of antigenic peptides would fail to function normally
because of the weak binding between antigenic peptides
and the MHC molecules.*® To solve the above problems,
we designed a delivery system which using cathepsin B-re-
sponsive dipeptide to covalently link antigenic peptides
MAGE and NY-ESO-1. The antigenic online supplemental
peptides 1 and 2, with excellent affinity to HLA-A2 were
obtained in our previous studies via structural modifica-
tion.”” * Such combination between different kinds of
antigenic peptides could effectively ameliorate the single
epitope escape phenomenon and increase immune
response as well.

Moreover, weak immunogenicity is also the critical
factor leading to the clinical failure of multiple tumor
peptide vaccines. To improve the weak immunoge-
nicity, adjuvants which can greatly augment the immune
efficacy are widely used and become more and more
important.” ** Common adjuvants such as aluminum salt
adjuvant can only enhance the humoral immunity but not
cellular immunity. Additionally, when the dose exceeds a
certain content, it may cause adverse effects to organisms
by being considered as a reactionogen, thus limiting its
clinical application.” Recently, with the interdisciplinary
development between immunology and physical chem-
istry, nanoparticulate adjuvants have attracted much atten-
tion.” * Nanoparticles (NPs) were formed in this study
from the self-assembly of amphiphilic covalently linked
molecules, and they can protect the antigenic peptides
from degradation. This system can also release the anti-
genic peptides at the immunization site to prolong the
duration of immunity simultaneously, thereby inducing
APCs to produce cytokines and promoting lymphocytes
activation.

Furthermore, DCs, the only known APC in vivo that
could induce primary immune responses and activate
unsensitized T lymphocytes, have been the focus of
research on tumor immunotherapy.® Enhancing the
effective uptake of tumor antigens by immature DCs is
a key step in improving the antigen presentation and in
exerting an immune response. The mannose receptor
is a C-type lectin receptor, which is highly expressed on
the DCs membrane surface. It can internalize antigens
and induce immune response.” Research showed that
using mannose-modified liposomes as carriers to load
tumor antigens can improve the stability of tumor anti-
gens in vivo and the uptake efficiency of DCs to tumor
antigens.” Self-assembled NPs are easy to be removed
by the reticuloendothelial system (RES) dominated by

macrophages in vivo,”” and cannot reach DCs effectively
and bind with the MHC-I molecules highly expressed on
human DCGCs. Erythrocyte membranes are widely used as
a drug carrier because of its advantages including good
biocompatibility and degradability, no toxicity, simple
structure and easy preparation, sufficient source and
suppression of the RES phagocytosis.”® * Additionally,
the erythrocyte membranes phospholipid bilayer can
also be introduced with different targeting proteins to
achieve an active targeting effect of the nano drug-carrier
system.**™ In particular, CD58 and CD59 proteins on
erythrocyte membranes can promote immune recogni-
tion and the antigen presentation.** Therefore, eryth-
rocytes, as antigen carriers, can enhance the antigen
presentation and induce CTLs responses. In this study,
the powerful delivery carrier, DSPE-PEG-Man@EM-NPs,
was constructed based on cathepsin B-responsive anti-
genic peptides encapsulated by erythrocyte membranes
to achieve an efficient delivery of antigenic peptides with
a high affinity to HLA-A2. The covalent attachment of
different antigenic peptides improved antigen modula-
tion and reduced immune escape. Cathepsin B coupling
was used to achieve rapid release in DCs. This targeting
delivery system of antigenic peptides exhibited specific
DCs cellular uptake and responsive drug release, which
greatly inhibited the growth of tumor in both MDA-MB-
231 and MCF-7 human breast cancer cell lines. Therefore,
the precise treatment here does not represent one-to-one
customized treatment process, nor is it contrary to the
general application. On the contrary, it is the a relatively
efficient and ideal scheme to accurately group patients
and treat a group of patients with common characteristics
using this targeting delivery system.

EXPERIMENTAL SECTION

Materials

Wang resin was purchased from Lanxiao Technology
(Xi'an, China). Fmoc-protected amino acids and
1-Hydroxy-1H-benzotriazole were purchased from Jill
Biochemical (Shanghai, China). Trimethylsilane and
dimercaptoethane (EDT) were obtained from Sahn
Chemical Technology (Shanghai, China). N, N-diiso-
propyl ethylamine was purchased from Kangmanlin
Chemical Industry (Nanjing, China). Thioanisole,
dithioglycol, trifluorocarboxylic acid and formic acid
for mass spectrometry were purchased from Acladin
Biochemical Technology (Shanghai, China). Piperi-
dine, N, N-dimethylformamide were obtained from
Haibang Trading (Nanjing, China). Dichloromethane,
N-methylpyrrolidone, phenol, and bromophenol blue,
and coomassie brilliant blue G-250 were purchased
from Sinopharm Group Chemical Reagent (Shanghai,
China). Acetonitrile and methanol (HPLC grade) were
obtained from Merck (Darmstadt, Germany). Unless
indicated, all other reagents were purchased from
Sigma-Aldrich (St Louis, Missouri, USA). Peptides
were synthesized using manual solid-phase peptide
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synthesis under the protection of nitrogen, and the
mass of obtained peptides and target conjugates were
confirmed by Waters ACQUITY UPLC Systems (Waters,
Milford, Massachusetts, USA).

CELL LINE AND CELL CULTURE

All cell lines used in this study (T2, MDA-MB-231, MCF-7,
MCF-10A) were obtained from Gaining Biotechnology
(Shanghai, China) and KeyGEN BioTECH (Nanjing,
China), respectively. The cells were cultured with appro-
priate medium according to ATCC at 37°C in a humid-
ified atmosphere under 5% CO, and 95% air. Human
peripheral blood mononuclear leucocyte was obtained
from Jiangsu blood center. All the blood-related experi-
mental protocols were approved by an ethical committee
at the China Pharmaceutical University and conducted
according to related laws and regulations.

ANIMALS

Female tumor-bearing BALB/c nude mice (6-8 weeks
old) were purchased from Cavens Laboratory Animal
Technology (Chang Zhou, China). All mice were main-
tained under specific pathogen-free condition in the
animal center of the China Pharmaceutical University.
The animals were maintained at 25+1°C and 60%=+10%
humidity under a 12-hour light/dark cycle during the
experiments. All experimental protocols for animals were
approved by an ethical committee at the China Pharma-
ceutical University, conducted according to the Labo-
ratory Animal Management Regulations in China and
adhered to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health
(revised 2011). Experiments were conducted in such a
way that the number of animals used and their suffering
was minimized.

Preparation of the self-assembled NPs

The fusion of hydrophilic MAGE-Al (online supple-
mental peptide 1), CB-sensitive dipeptide (Val-Cit), and
hydrophobic NY-ESO-1 (online supplemental peptide 2)
were obtained by Fmoc solid-phase peptide synthesis. The
as-prepared compounds were purified by CI8 reverse
chromatography column (model: Shimadzu LC-6A, chro-
matographic column: C18 reversed-phase LC column
(bpm, 340x28 mm, Shimadzu, Japan), mobile phase
A: 0.1% trifluoroacetic in 100% water, mobile phase B:
0.1% trifluoroacetic in 100% acetonitrile, detection
wavelength: 214nm, velocity: 5mL/min). Subsequently,
the fusion peptide was dissolved in a small amount of
methanol/acetone by ultrasound and then dripped into
ultrapure water. The organic solvents were removed by
decompressing concentration, where only the aqueous
phase was retained. Finally, the self-assembled NPs
dispersed in ultrapure water was obtained.

Preparation of erythrocyte membranes, EM-NPs, and DSPE-
PEG-Man@EM-NPs

Preparation of erythrocyte membranes. (1) Anticoag-
ulant venous blood of mice was mixed with 3% gelatin
saline solution. (2) The test tube/centrifugal tube was
placed upright at room temperature for 60min, where
the adhesion between gelatin and erythrocytes was used
to promote the rapid sinking of erythrocytes, while
the white blood cells remained in gelatin solution. (3)
Erythrocytes were placed in three times the amount of
precooled isotonic normal saline, mixed slowly, and
centrifuged at 4°C, 5000r/min for 15min. Then, the
supernatant and sediment surface were removed, and
washed for three times. (4) The obtained erythrocytes
were mixed with pre-cooled 10mmol/L pH 7.4 low
osmotic Tris-hydrochloric acid buffer at the ratio of 1:40,
and placed at 4 °C for 2hour to complete hemolysis. The
erythrocyte membranes were precipitated by centrifuga-
tion at 9000r/min for 15min. After repeated washing
and centrifugation for five times, off-white erythrocyte
membranes were prepared.

Preparation of EM-NPs. The self-assembled NPs
were mixed with the freeze-dried powder of erythro-
cyte membranes at a mass ratio of 2:1, and obtained by
intermittent ultrasound 10 times per minute. This ratio
is the best ratio finally determined according to liter-
ature reportsm * and combined with my own various
conditions (online supplemental table S1). Preparation
of DSPE-PEG-Man@EM-NPs. DSPE-PEG-Man (40pg)
was incubated with the above-mentioned EM-NPs at
room temperature for 45min, centrifuged for 20 min at
9000 rpm, washed twice by PBS and dispersed for reserve.

Characterizations of the different NPs

To further verify successful coating of erythrocyte
membranes on NPs, the transmission electron micro-
scope (TEM, JMPEG-PTMC-1230, JEOL, Japan), dynamic
light scattering (DLS), and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) were
analyzed in succession. TEM: The NPs solution with appro-
priate concentration was dropped on a special copper
mesh, and water was dried under infrared irradiation. A
drop of phosphomolybdic acid was added for staining.
Afterwards, the morphologies of the self-assembled NPs
and EM-NPs were observed separately. DLS: The size
distribution and zeta potential of NPs were performed
using a Malveb Zetasizer (Nano-ZS90, Malvern Instru-
ments, UK) with a He-Ne ion laser of 633nm. In addi-
tion, the Tyndall effect, size distribution, and cathepsin
B responsiveness of the self-assembled NPs from double-
antigenic peptides were further studied after the action of
Cathepsin B. The fusion polypeptide (2mg) was dissolved
in a 10mL of sodium acetate-sodium buffer (25 mM, pH
5.0) to prepare a nano-solution at a concentration of
0.2mg/mL, and 50 pL. of cathepsin B in sodium acetate
buffer (50 UI/mL) was added. The enzyme solution was
previously activated by 100pL of 30mM Dithiothreitol
(DTT)/15mM Ethylenediamine (EDTA) solution for
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15min. Then the self-assembled NPs solution was incu-
bated with cathepsin B for 1 hour. Tyndall effect, particle
size distribution, and liquid phase purity were evaluated.

Stability evaluation of the self-assembled NPs, EM-NPs and
DSPE-PEG-Man@EM-NPs

First, 2mL of PBS solution with the self-assembled NPs,
EM-NPs as well as DSPE-PEG-Man@EM-NPs was obtained.
The particle size distribution as well as zeta potential
was measured on the Ist to 7th day, where the mixing
uniformity should be ensured before testing. Mean-
while, the plasma stability of the self-assembled NPs was
studied in vitro. The target compound was dissolved in
Tris-HCI buffer (0.01 M, pH 7.4, BioScience, Shanghai)
and disposed into 1000 ng/mL mother solution. The rat
plasma and the solution to be tested was mixed (300 pL
each), and incubated in 37 °C for 0, 2, 5, 10, 30, 60 min.
Then 50 pL. of mixture was taken out at each time point
and 100pL of methanol was added to precipitate the
protein. After centrifuging at 12 000rpm for 15min,
the supernatant was collected and centrifuged again for
10 min. Subsequently, the peak area of mass spectrometry
was integrated by UPLC-MS to obtain the plasma half-life.
Furthermore, a batch of DSPE-PEG-Man@EM-NPs sample
at I mg/mL was randomly chosen, after the in vitro diges-
tion, the corresponding characteristic peak was obtained
through the liquid phase, where the standard solution at
1mg/mL was served as control, and the general weight
ratio of each ingredient in DSPE-PEG-Man@EM NPs was
obtained.

Evaluation of protein expression on erythrocyte membranes
EM-NPs were centrifuged for 30 min at 12000rpm. The
precipitation was decomposed on ice for 30min. The
supernatant was centrifuged at 4°C, 12000r/min for
20min. The total protein was extracted. The single eryth-
rocyte membranes were used as controls. Subsequently,
the total protein was boiled with 5xSDS-Loading Buffer
(volume ratio 4:1) at 95°C for 5min, cooled down to
room temperature, and stored at —-80°C. Afterwards, SDS-
PAGE was carried out according to the method reported
in the literature,46 which proceed under 80 V for 2hours,
and stained with coomassie brilliant blue G-250. Then,
the separation of protein bands was observed according
to the protein maker. The transmembrane procedure was
performed under 200 mA for 2 hours. The membrane was
blocked with 5% bovine serum albumin for 40 min, incu-
bated with the primary antibody and secondary antibody
in succession, and ECL kit was used to detect primary
antibody with Bio-Rad Exposure System.*’

Acquisition of peripheral blood-derived DCs and CD8* T
lymphocytes

After removal of non-adherent T lymphocytes, PBMCs
were seeded in culture flasks at a density of 1x10°/
mL and cultured in RPMI-1640 medium containing
10% Fetal bovine serum (FBS), recombinant human
granulocyte-macrophage  colony-stimulating  factor

(rhGM-CSF) (100ng/mL, Novoprotein, Hefei, China)
and recombinant human interleukin (rhIL)-4 (100ng/
mL, Novoprotein, Hefei, China). The medium was
changed every 2days and cytokines were added. Recom-
binant human tumor necrosis factor o (TNF-0.) (100ng/
mL, Novoprotein, Hefei, China) was supplied starting on
the fifth day to further maintain DCs’ viability. Moreover,
HILA-A2 positive peripheral blood samples were taken,
and set as the negative control group, the CD8 (FITC-
labeled, BD Pharmingen, USA) single staining group, the
CD3 (PerCP-labeled, Multi Sciences (lianke) Biotech)
single staining group, and CD8/CD3 double staining
group. FITC-labeled anti-human CD8 (20 pL) and PerCP-
Cyanine 5.5-labeled anti-human CD3 (20 pL) were added
to the suspension and incubated at 4 °C for 30 min in the
dark. After centrifugation at 4°C, 2000 rpm for 10min,
the supernatant was discarded, and the cells were resus-
pended in PBS containing 2% FBS. CD8+ T lymphocytes
were obtained by a flow sorting device (BD FACSAria II
SORP, San Jose, California, USA).

Evaluation of erythrocyte membranes mediated macrophages
escape in vitro

To quantify the uptake by RAW 264.7 cells, self-assembled
NPs and EM-NPs were stained with Dil (Beyotime
Biotechnology, Nanjing, China) for 30 min, RAW 264.7
cells (2x10° cells/well) were seeded in a 6-well plate, and
cultured for 24hours. Then the NPs were washed twice,
and cells were incubated with Dil-labeled self-assembled
NPs and EM-NPs before incubating for 4hours. After-
wards, the cells were washed with PBS for three times.
One half of cells were used for a flow cytometry (FACS,
BD Accuri C6, USA), and the other half were stained
with Hoechst 33258 (Beyotime Biotechnology, Nanjing,
China) for 30 min. After washing with PBS, the cells were
imaged by an inverted fluorescence microscope (Ts2R,
Nikon, Japan).

Study on uptake of EM-NPs by DCs

Inverted fluorescence microscope: 500pL  of self-
assembled NPs, EM-NPs, and DSPE-PEG-Man@EM-NPs
with the concentration of 10pg/mL were incubated
with peripheral blood-derived DCs for 4hours in 6-well
plates (all the NPs were prestained with Dil). The cells
were washed twice with cooled PBS and then subjected to
nuclear staining with Hochest 33258 (10 pg/mL). After
another twice washing, DCs were resuspended in PBS,
and the fluorescence was observed by an inverted fluores-
cence microscope.

Flow cytometer: DCs were seeded in a 6-well plate at
a density of 2x10°/mL, placed at 37°C in a humidified
atmosphere with 5% CO2 overnight, and the medium was
discarded next day. After washing with cooled PBS, the
NPs solution at the concentration of 1 pg/mL was added
(all the NPs were pre-stained with Dil), which was divided
into self-assembled NPs group, EM-NPs group, and DSPE-
PEG-Man@EM-NPs group. After overnight incubation at
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room temperature, the cells were washed twice and resus-
pended in 300 pLL PBS for flow detection.

Study on the maturation of DCs by NPs

DCs are recognized as the most potent APCs. The imma-
ture DCs would become mature after antigens uptake,
then DCs' surface markers such as CD86 and CD11c, and
the extracellular IL-12 secretion would increase. Herein,
to evaluate the maturation status, DCs were collected
and cultured with different NPs (100 pM) and cytokines
(rhIL-4 and rhGM-CSF, 100ng/mL) for 24 hours. In addi-
tion to observing the morphology, the single cell suspen-
sion with a density of 1x10°/mL was prepared. Anti-CD86
(2.5pL, eBioscience Biotechnology, Shanghai, China)
and anti-CDl1c (2.5pL, eBioscience Biotechnology,
Shanghai, China) were added to each group and incu-
bated at 4°C for 40 min. After washing and centrifuging
(2000 r/min, 5min), the cells were suspended in a 300 pL.
of PBS for a flow cytometry. Moreover, the secretion level
of IL-12 was determined using a Human IL-12 ELISA Kit
(SenBei Jia Biological Technology).

Effect of NPs on activation of CD8* T lymphocytes

Interferon gamma (IFN-y) and TFN-o are regarded as
two of the strongest signals for CD8 +T lymphocytes’ acti-
vation, so their secretion levels were determined using
a Human IFN-y ELISA kit (Wuhan Jiyinmei Biological
Engineering) and a Human TFN-o ELISA kit (SenBei Jia
Biological Technology). The amounts of IFN-y and TNF-o
secreted in the supernatant were detected by co-incu-
bation of DCs treated with different NPs and CD8+ T
lymphocytes.

Effect of NPs on CTLs activity

After CD8 +T lymphocytes were activated, they can exert
their cytotoxic effects and inhibit the growth of tumor
cells expressing the target antigens. Herein, MCF-7 cells,
MAD-MB-231 cells, MCF-10A cells, and T2 cells were
set as target cells, while DCs carrying different analytes
and CD8 +T lymphocytes (at the volume of 10: 1) were
disabled as effector cells. Then, the activity of CTLs
was detected according to the operating instructions of
CytoTox 96 (Promega) kit (Promega, USA).47

In vivo antitumor effect of NPs

Mechanistically and from the in vitro evaluation results, after
the NPs assembled from tumorspecific antigenic peptides
were uptaken by immature DCs, the antigenic peptides
from two different tumor antigens were released, and then
promoted the maturation and function of DCs. DCs loaded
with antigenic peptides could stimulate activation of CD8" T
lymphocytes (CTLs). After that, the tumor-specific receptors
on the surface of antigen specific CTLs would recognize the
antigens expressed by tumors and then directly kill tumors
or mediately make tumors apoptosis. To verify the in vitro
tumor inhibitory effect of the superior experimental groups
(NPs), and investigate the in vivo tumor inhibition induced
by activation of CD8 +T lymphocytes by the self-assembled
NPs, EM-NPs, and DSPE-PEG-Man@EM-NPs, BALB/c nude

mice inoculated underarm with MCF-7 or MDA-MB-231
breast cancer cells were used. After 1 week of normal feeding,
the tumor diameter reached about 0.6cm. Tumorbearing
nude mice were randomly divided into five groups, and five
mice for each group (here, the dose used has been calcu-
lated to ensure that the initial dose of self-assembled NPs was
constant, and the final concentration was 100pM), where PBS
was set as a blank control, CD8" T lymphocytes as a negative
control to demonstrate the lethal effect of T lymphocytes was
specific, while the experimental group was a mixture of CD8"
T lymphocytes and DCs loaded with different NPs. Tumor
size and weight of mice were monitored every day after in situ
injection of target substance. Then the mice were killed by
neck amputation, and tumors were collected. Subsequently,
further measurements were made to characterize the inhibi-
tion effect of different NPs towards the growth of tumors in
vivo. Tumor inhibition curve was plotted by Graphpad Prism
V.6.0, and the tumor inhibition rate was calculated.

Where the tumor volume=1/2 ab? (a is the length of
tumor and b is the width of tumor). (%) Tumor inhibition
= (tumor weight - tumor weight )/
tumor weight 0%.

control group experimental group

control group

Evaluation of systemic toxicity in vivo

After being sacrificed by cervical dislocation, the lung, kidney,
liver, and spleen of the above-mentioned mice were simulta-
neously peeled off for HE staining. Histopathological sections
were done in the company of Nanjing Dizhao Biotechnology.
The slices were observed to evaluate whether the target NPs
had potential safety hazards to important organs in the body.

RESULTS

Design of DSPE-PEG-Man@EM-NPs

As demonstrated in figure 1, the hydrophilic tumor-specific
MAGE antigenic peptide (online supplemental peptide 1)
and the hydrophobic tumorspecific NY-ESO-1 antigenic
peptide (online supplemental peptide 2) that could bind
to HLA-A2 tightly were selected and covalently linked to
each other via a cathepsin B-responsive dipeptide (Val-Cit).
Amphiphilicity was thus constructed in the fusion molecule
which could further self-assemble into NPs. The DCs-targeted
mannose was used to modify the mice-derived erythrocyte
membranes, and the NPs encapsulated with targetlabeled
erythrocyte  membranes (DSPE-PEG-Man@EM-NPs) was
obtained and used as a biocompatible nanodelivery system
of tumor antigenic peptides for DCs processing. This delivery
system could be efficiently taken up by dendritic cells through
receptor-mediated endocytosis, and bind to HLA-A2 mole-
cules to further promote CD8" T lymphocytes, thus inhib-
iting specific tumors in vivo.

Preparation and characterization of the self-assembled NPs
and EM-NPs

DCs, as aspecial type of APCs, are short of many organelles
and enzymes compared with typical monocytes. It is well
known that phagocytic vesicles of NPs would be formed
and bound to lysosome after DCs ingesting pathogens.*®*
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Figure 1

Schematic design of DSPE-PEG-Man@EM-NPs. (1) DSPE-PEG-Man@EM-NPs are recognized by the mannose

receptor on DCs surface. (2) DSPE-PEG-Man@NPs are uptaken by DCs. (3) Under the action of high concentration cathepsin B
in DCs, antigenic peptides release and bind to HLA-A2 to promote DCs maturity. (4) Naive CD8" T lymphocytes are stimulated
by mature DCs and then become CTLs. (5) T-cell receptors specifically recognize tumor cells expressing target antigens. (6)
CTLs play a critical role in an antitumor immune response. CTLs, cytotoxic T lymphocytes; DCs, dentritic cells; HLA-A2, human

leucocyte antigen-A2.

In order to expand the scope of immune response to
different types of breast cancer, the two-segment peptide
sequences were first linked. The formed fusion molecule
would be recognized by cathepsin B making it an intelli-
gent nano-system for delivery of antigenic peptides when
ingested by DCs. Specifically, the hydrophilic and hydro-
phobic antigenic peptide fragments on different targets
were linked by the cathepsin B-sensitive dipeptide linker,
Val-Cit. By solvent evaporation method, the hydrophilic

end of the amphiphilic molecule interacted with water
through hydrophilic interaction forming an interface, and
the hydrophobic end of the molecule aggregated inward
forming self-assembled NPs. The size distribution and
TEM results (figure 2A,B) showed that the self-assembled
NPs had a spherical particle size of roughly 155 nm, and a
bright channel could be observed in the aqueous solution
under the irradiation of laser (figure 2C). As expected,
the self-assembled NPs precipitated obviously and the
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(A) Particle size distribution and morphology of self-assembled NPs from antigenic online supplemental peptides

1 and 2; (B) The morphology of the self-assembled NPs; (C) The Tyndall effect of the self-assembled NPs; (D) Assessment of
plasma stability of self-assembled NPs compared with the single peptides (n=3); (E) Particle size and (F) Morphology of the
self-assembled NPs encapsulated with erythrocyte membranes (EM-NPs); (G) Particle size and (H) Morphology of the DSPE-
PEG-Man@EM-NPs; (I) Particle size distribution and (J) The Tyndall effect of the self-assembled NPs after coincubation with
cathepsin B; (K) Size and potential stability of the self-assembled NPs in phosphate buffered solution (PBS) (n=3); (L) Size
and potential stability of EM-NPs in PBS (n=3); (M) Size and potential stability of DSPE-PEG-Man@EM-NPs in PBS (n=3); (N)
Evaluation of CD58 and CD59 proteins expression on erythrocyte membranes. NPs, nanoparticles.

Tyndall phenomenon disappeared under the action of
cathepsin B (figure 2I,]). Liquid phase spectra further
confirmed that the fusion peptide fragment disconnected
responsively under the action of cathepsin B (see details
in online supplemental materials).

Characterizations of EM-NPs and DSPE-PEG-Man@EM-NPs
After the EM-NPs and DSPE-PEG-Man@EM-NPs were
prepared, the morphology was analyzed by particle size
distribution and TEM. The results shown in figure 2EF
indicated that the size distribution of EM-NPs was rela-
tively uniform (roughly 185nm), the size distribution
of DSPE-PEG-Man@EM-NPs was roughly equivalent
to that of EM-NPs (figure 2G,H), where characteristic
membrane shell structure could be observed under TEM
in both NPs. Compared with the precell membranes, the
particle size increased slightly, which was consistent with
those reported in literature.”

Stability of DSPE-PEG-Man@EM NPs in vitro

The in vitro stability of the self-assembled NPs from
double-antigenic peptides, the EM-NPs, and DSPE-
PEG-Man@EM-NPs in PBS were investigated for 1week
(figure 2K-M). The NPswere placed in isotonic PBS within
7days, and the particle size and zeta potential did not
change significantly. The particle size and zeta potential
of the self-assembled NPs was distributed roughly 165 nm
and 4.6mV, 200nm and -5.76 mV for EM-NPs, 205nm
and -5.29mV for DSPE-PEG-Man@EM-NPs, respectively.
This indicated that aggregation did not occur in the body
fluid environment for the as-prepared NPs, thus ensuring
a successful drug delivery process.

Protein expression on erythrocyte membranes

Erythrocytes are the most abundant natural immune
cells in human blood circulation and immune system.”’
CD58 and CD59 are both expressed on the surface of
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erythrocytes, and they have the ability to stimulate T
lymphocytes.” Hence, to observe the relative integrity
of proteins on the erythrocyte membranes before and
after encapsulation of NPs, SDS-PAGE was used to deter-
mine the main bands in EM-NPs and DSPE-PEG-Man@
EM-NPs groups according to the literature.*’ As shown
in figure 2N, the main protein bands in the above two
groups were basically the same as those in single eryth-
rocyte membranes group, while no corresponding
bands were found in the self-assembled NPs. Moreover,
the expressions of CD58 and CD59 were analyzed qual-
itatively by Western blotting to validate the specific anti-
gens. The results showed that both of them were retained
before and after encapsulation, and the EM-NPs and
DSPE-PEG-Man@EM-NPs were stable enough to apply in
biomedical conditions.

Improvement of plasma stability of antigenic peptides by self-
assembled NPs

The short halflife of most peptide vaccines is one of the
reasons for the inadequate immune effectsinduced in vivo.
In this study, we simulated the metabolism of compounds
in vivo through in vitro plasma stability experiments. The
concentrations of compounds at different time points
were measured by Ultra performance liquid chromatog-
raphy-MS/MS (UPLC-MS/MS), and the plasma half-life

A
Hoechst 33258
Self-assembled NPs
EM-NPs
DSPE-PEG-Man@EM-NPs
B

150 =Blank ==EM-NPs
= Self-assembled NPs

Count

0 2 4 ]
10 10 10 10

FL3-A:FL3-A

Figure 3

= DSPE-PEG-Man@EM-NPs

was calculated. As shown in figure 2D, the half-lives of
online supplemental peptides 1 and 2 were about 5min,
while the halfife of the self-assembled NPs was signifi-
cantly prolonged by more than three times, thereby
suggesting that this self-assembly strategy could improve
the plasma stability of antigenic peptides. Furthermore,
according to the ratio of each characteristic peak after
enzymatic hydrolysis to the liquid phase peak of the stan-
dard samples, the general weight ratio of each ingredient
in DSPE-PEG-Man@EM-NPs was 25:12.5:1 (self-assembled
NPs: EM: DSPE-PEG-Man).

Improvement of macrophage phagocytosis of self-assembled
NPs

NPs would be engulfed by macrophages as foreign
bodies.”® To verify the EM-NPs can effectively reduce the
phagocytosis of macrophages in vitro as reported,‘ﬂ RAW
264.7 cells were incubated with Dil-labeled self-assembled
NPs and EM-NPs, and visualized using inverted fluo-
rescence microscopy (figure 3A) and a flow cytometry
(figure 3B). Results showed that the self-assembled NPs
exhibited stronger red fluorescence when compared with
EM-NPs, thus demonstrating after coating erythrocyte
membranes, uptake of NPs in RAW 264.7 cells signifi-
cantly reduced, which undoubtedly improved the effec-
tive delivery of antigenic peptides.

Dil Merge

Blank
DSPE-PEG-Man@EM-NPs
EM-NPs

16000
12000 Self-assembled NPs

8000

4000

Mean Fluorescence Intensity (MFI)

Groups

(A) Intracellular uptake of self-assembled NPs and EM-NPs in RAW264.7 cells determined by an inverted

fluorescence microscopy after 4- hour incubation. The nucleus was stained with Hoechst 33258 (blue). The self-assembled NPs,
EM-NPs and DSPE-PEG-Man@EM-NPs were labeled with Dil (red). (B) Mean intracellular fluorescence intensity in RAW264.7
cells after 4-hour incubation with Dil-stained self-assembled NPs, EM-NPs and DSPE-PEG-Man@EM-NPs determined by a flow
cytometry, “*p<0.0001, ***p<0.0001 and experiments were performed in triplicate. NPs, nanoparticles.
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DCs, dentritic cells; NPs, nanoparticles.

Targeting properties of DSPE-PEG-Man@EM-NPs to DCs

The uptake of DSPE-PEG-Man@EM-NPs by DCs was
observed using an inverted fluorescence microscopy and
a flow cytometry. The NPs were labeled with Dil (red dye)
and the nucleus were surrounded with Hoechst 33258
(blue fluorescence). Results as described in figure 4A,B,
there were clear differences among the uptake of self-
assembled NPs, EM-NPs and DSPE-PEG-Man@EM-NPs.
The intensity of red and blue superposition in DSPE-
PEG-Man@EM-NPs was the strongest under a fluores-
cence microscope, and the average fluorescence intensity
in cells was also most significant by a flow cytometry. Mean-
while, to further demonstrate that the targeting ability
that resulted from mannose, the uptake ability of DCs

to DSPE-PEG-Man@NPs was compared with the control
group which was pre-emptive with mannose (online
supplemental figure S1). In the pre-emptive group, the
uptake of DCs to DSPE-PEG-Man@NPs was significantly
reduced. This suggested mannose-mediated receptor
targeting could greatly enhance the targeted uptake to
DCs.

Maturation of DCs induced by NPs

Previous studies have shown that antigenic peptides can
promote the maturation of DCs to some extent.?” *® In
terms of DCs maturation function of DSPE-PEG-Man@
EM-NPs, visual observation from the morphology showed
that with the processing of culture, the number of
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of target cells using CytoTox 96 (Promega) kit, compared with MDA-MB-231 control, #p<0.01; #¥p<0.001; #**p<0.0001;
compared with MCF-7 control, **p<0.01; **p<0.001; ***p<0.0001 and experiments were performed in triplicate. CTLs, cytotoxic
T lymphocytes; DCs, dentritic cells; IFN-y, interferon gamma; IL-12, interleukin 12; TNF-o, tumor necrosis factor-o.

suspended cells gradually increased, the cell membranes
protruded from the root like bulge, and the cells became
larger and more clustered. To study the effects of NPs
on the maturation of DCs, peripheral blood-derived DCs
were isolated and cultured in vitro, stimulated with IL-4
and GM-CSF, and then stimulated with different groups
of NPs. After 24hours, cytometry was used to deter-
mine the expression of CD86 and CD11lc molecules on
the surface of DCs. Compared with the control group,
the self-assembled NPs, EM-NPs, and DSPE-PEG-Man@
EM-NPs significantly promoted the expression of CD86
and CDllc, and the effect was comparable to or even
better than cytokines (figure 4C). Additionally, another
important indicator to determine the maturity of DGs is
the secretion of IL-12 in supernatant. From figure 5A, we
can see that IL-12 in the supernatant of each experimental
group was significantly increased when compared with
the control group (35pg/mL) (p<0.0001), among which
the IL-12 of DSPE-PEG-Man@EM-NPs group was the
highest (up to about 300 pg/mL). All these results coin-
cided with each other and showed that DSPE-PEG-Man@
EM-NPs could well promote the maturity of DCs.

Significant activation of CD8* T lymphocytes by NPs: IFN-y
and TNF-a in the supernatant

Activation of CD8" T lymphocytes is strictly regulated by
DGCs, and DCs loaded with antigenic peptide can further
promote the activation function. The important indicator
of CD8 +T lymphocytes activation is the secretion of IFN-y
and TNF-o.. On the one hand, IFN-y and TNF-o can stim-
ulate the expression of MHC molecules on the surface
of target cells to enhance antigens presentation. On the
other hand, they would be beneficial to the phagocytosis
of DCs. Here, DCs treated with different NPs were incu-
bated with CD8" T lymphocytes for 24hours, the secre-
tion of IFN-y in the supernatant was detected by ELISA
kit, and the effect on the activation of CD8" T lympho-
cytes was evaluated. Significantly, we first investigated
the effects of Pepl and Pep2 derived from two different
antigens, and it has been confirmed that the combina-
tion of Pepl and Pep2 basically only plays a role on their
respective targets, but does not show the influence of
each other on tumor inhibition (IFN-y (sole pepl group:
177.02+19.72 pg/mL; sole pep2 group: 148.37+10.55 pg/
mL; pepl +pep2 group: 325.27+23.43 pg/mL). Moreover,
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significant increases in the levels of TFN-o and IFN-y in
the groups of self-assembled NPs, EM-NPs, and DSPE-
PEG-Man@EM-NPs were observed with significant differ-
ences compared with the control group (figure 5B,C).

Activation of CTLs by NPs

In order to evaluate the in vitro specific killing of CTLs
to target cells after stimulation with different NPs, we
used CD8" T lymphocytes and DCs treated with different
NPs at the ratio of 1:5 as effector cells. T2 cells, MCF-7
cells, MDA-MB-231 cells, and MCF-10A cells were used as
target cells. The mixture of online supplemental peptides
1 and 2 as well as all other prepared NPs had a certain
degree of lethality to MCF-7 and MDA-MB-231 cells,
among which EM-NPs and DSPE-PEG-Man@EM-NPs
showed the best effect: the killing rate against MCF-7 was
94.5%+5.03% and 87.4%+2.46%, respectively, and the
killing rate against MDA-MB-231 was 92.8%+4.77% and
85.0%+2.85%, respectively (figure 5D).

In vivo antitumor effect of NPs

The results were exhibited in figures 6 and 7. Consistent
results were obtained to those from in vitro experiments.
No sudden change of mice weights was observed within the
2 weeks. Compared with the PBS group (blank control)
and CD8" T lymphocytes group (negative control), all
the three measured NPs groups showed a certain tumor
inhibition effect in vivo. Among them, the best inhibition
effect was performed in the group of DSPE-PEG-Man@

EM-NPs of which the tumor inhibition rate in MDA-
MB-231 and MCF-7 models was both nearly 90%, which
significantly inhibited tumor growth with compared with
the self-assembled NPs and PBS control group.

Systemic toxicity in vivo

MTT assay was carried out to determine the toxicity
of different NPs on DCs and other target cells, so as to
exclude the self-toxicity effect of NPs on the antitumor
activity and determine their safety. Results were shown in
table 1, 24 hours after incubation, the survival rate of cells
in each group was still more than 85%, thereby indicating
anegligible toxicity of NPs themselves. Additionally, H&E
staining was performed on the tumor tissue sections of
each group (figure 8). The tumors in the saline group
showed large nuclear staining, deep staining, clear
outline, large nuclear ratio, rare tumor necrosis, and less
intercellular substance, while those in each experimental
group were sparsely distributed, demonstrating different
degrees of apoptosis and necrosis. The most significant
apoptosis and necrosis were observed in the group of
DSPE-PEG-Man@EM-NPs. Thereafter, no pathological
change was found in the histological stainings of liver,
kidney, lung, and spleen, thus suggesting that the as-con-
structed nanodelivery system is safe and effective.

Conclusions and discussion
The self-assembled NPs with different antigenic peptides
(online supplemental peptides 1 and 2) were first
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developed. These NPs not only enlarged the response
range within the same molecule but also significantly
prolonged the plasma halflife of single antigenic
peptides. Subsequently, the delivery system (DSPE-
PEG-Man@EM-NPs) was constructed by encapsulating
the self-assembled NPs with DCs-targeted erythrocyte
membranes. This delivery system successfully avoided the
phagocytosis of the self-assembled NPs by macrophages,
improved the capture efficiency of antigenic peptides
to DCs, and further enhanced the immune response
rate, which is essential for treating patients with breast
cancer in the future. Importantly, the as-prepared DSPE-
PEG-Man@EM-NPs successfully expanded the treatment
range of antigen peptides from a single MDA-MB-231
or MCF-7 type to the compatible type (in both models,
the tumor inhibition rate reached nearly 90%), and
the halflives of peptides were extended by three times.
However, throughout the current research on the immu-
notherapy strategy of breast cancer, there are still much
serious challenges to be solved, such as the low efficiency
of recognizing target antigens and tumors, the existence

of resistance in tumor microenvironment as well as in
different types of breast cancer. How to reasonably plan
the treatment and develop a reliable and cost-effective
immunotherapy platform will become the focus. Consid-
ering the above problems, the treatments dominated
by antigenic peptides will play a significant role in clin-
ical practice. Through a simple blood test and an in
vivo biopsy, phenotypes of HLA-A2 and tumor antigens
of patients could be identified. At that time, the system
could also be wrapped and modified with the autologous
erythrocyte membranes. This system would be used to
deliver the bi-antigenic peptides nano-system to DCs in a
targeted manner in the patients’ systemic circulations, so
as to perform an effective and safe role in tumor inhibi-
tion. Moreover, in future research, we would like to design
a more diverse combination of antigenic peptides and
adjuvant/immunomodulator, expecting to expand the
treatment scope and effectively avoiding immune failure
caused by antigenic mutation. Generally, compared with
the effect of completely eliminating tumors, it has more
significance to provide an innovative thought to assemble

Table 1 Cytotoxicity of different NPs on target cells (each group was tested three times in parallel)

Compounds Viability (%)

(100 pv) MCF-7 MDA-MB-231 MCF-10A T2 DCs
Self-assembled NPs >100 97.44+6.83 >100 93.26+4.91 >100
EM-NPs >100 95.38+5.84 99.26+5.06 97.21+3.80 >100
DSPE-PEG-Man@EM-NPs >100 >100 >100 93.83+4.88 >100

DCs, dentritic cells; NPs, nanoparticles.
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some antigenic peptides from various genes, and even
neoantigens, which is likely to reduce the difficulty of
accuracy, effectively avoid escape phenomenon, and then
achieve the ideal effect.

Statistical analysis

Data were presented as mean+SD. The one-way analysis of
variance was performed in statistical evaluation. A p value
below 0.05 ('p<0.05, “p<0.01, "“p<0.001," "p<0.0001)
was considered to be statistically significant.
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