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RESEARCH ARTICLE

Phenylboronic ester-modified polymeric nanoparticles for promoting TRP2
peptide antigen delivery in cancer immunotherapy

Qiyan Wanga,b,c� , Zhipeng Donga�, Fangning Loua, Yunxue Yina, Jiahao Zhanga, Hanning Wena, Tao Lua

and Yue Wanga

aKey Laboratory of Biomedical Functional Materials, School of Sciences, China Pharmaceutical University, Nanjing, Jiangsu, China; bCenter
for Cutaneous Biology and Immunology Research, Department of Dermatology, Henry Ford Health System, Detroit, Michigan, USA;
cImmunology Research program, Henry Ford Cancer Institute, Henry Ford Health System, Detroit, Michigan, USA

ABSTRACT
The tremendous development of peptide-based cancer vaccine has attracted incremental interest as a
powerful approach in cancer management, prevention and treatment. As successful as tumor vaccine
has been, major challenges associated with achieving efficient immune response against cancer are (1)
drainage to and retention in lymph nodes; (2) uptake by dendritic cells (DCs); (3) activation of DCs. In
order to overcome these barriers, here we construct PBE-modified TRP2 nanovaccine, which comprises
TRP2 peptide tumor antigen and diblock copolymer PEG-b-PAsp grafted with phenylboronic ester
(PBE). We confirmed that this TRP2 nanovaccine can be effectively trapped into lymph node, uptake
by dendritic cells and induce DC maturation, relying on increased negative charge, ROS response and
pH response. Consistently, this vehicle loaded with TRP2 peptide could boost the strongest T cell
immune response against melanoma in vivo and potentiate antitumor efficacy both in tumor preven-
tion and tumor treatment without any exogenous adjuvant. Furthermore, the TRP2 nanovaccine can
suppress the tumor growth and prolong animal survival time, which may result from its synergistic
effect of inhibiting tumor immunosuppression and increasing cytotoxic lymphocyte (CTL) response.
Hence this type of PBE-modified nanovaccine would be widely used as a simple, safe and robust plat-
form to deliver other antigen in cancer immunotherapy.
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1. Introduction

A well-established aspect of the immune system plays a vital
role in cancer treatment and prevention (LiuJiang et al.,
2018; Wang et al., 2020; Zhang and Zhang, 2020; Paijens
et al., 2021; Varade et al., 2021). However, the immune sys-
tem in cancer patients is normally suppressive, therefore it
can’t be elicited to recognize and subsequently eradicate
tumor cells (Sengupta et al., 2010; Mahasa et al., 2016; Merlo
et al., 2016; Musetti & Huang, 2018). Tumor vaccines repre-
sent one of the successful breakthroughs in cancer immuno-
therapy, because it can mobilize the hampered immune
system and induce long-lasting tumor-specific immune
responses (Melero et al., 2014; Hu et al., 2018; Ugur & €Ozlem,
2018). In particular, peptide-based vaccines (Wiedermann
et al., 2013; Kuai et al., 2017; 2018; Shi et al., 2020) focusing
on only a single or a few critical epitopes have the unique
potential, due to their safety, specificity and reproducibility.
Nevertheless, we know that the monotherapy of peptide
tumor antigen without any incorporation hardly has excel-
lent efficacy in cancer immunotherapy clinically.

Accumulating evidences have shown the insufficient
immunogenicity of these vaccines peptide-based vaccines
usually results in poorly primed cell-mediated immune
responses in both clinical and preclinical studies, because of
rapid degradation, low affinity and immunological tolerance
(Slingluff, 2011; Malonis et al., 2020). To overcome this limita-
tion, high-performance nanomaterials are pursued to con-
struct tumor nanovaccines which help deliver peptide tumor
antigen efficiently in cancer immunotherapy (Zhu et al.,
2017; Lai et al., 2018; Singha et al., 2018; Martin et al., 2020;
Sun et al., 2020; Yang et al., 2020).

Lymph nodes are the important sites for generating anti-
gen-specific immune responses (Zhu et al., 2017; Singha
et al., 2018). During the process of vaccination, peptide vac-
cine can firstly drain into lymph nodes and then be trapped
in it for DC uptake. Subsequently DCs will become mature,
inducing potent cellular immune response. Many studies
show that particles with a suitable size (from 10 to 100 nm)
(Irvine et al., 2015; Gause et al., 2017) can be trapped in
lymph node for sustaining antigen presenting. Apart from
the size, nanovaccine requires a negative surface charge for
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more efficient drainage to lymph node and optimal phago-
cytosis in DC (Gause et al., 2017; Riley et al., 2019). Therefore,
it is cogent that effective delivery of nanocarrier could pro-
mote therapeutic efficacy in the immunotherapy.

PBE (phenylboronic ester) molecule can be selectively
degraded by intracellular ROS (Reactive Oxygen Species) trig-
gers, generating phenol and boronic acid as the oxidation
products (Xu et al., 2016; Lu et al., 2017). In our previous
work, we have synthesized PBE-modified copolymer with
ring opening polymerization for accurate drug delivery and
achieved excellent anti-tumor activity in HeLa cell (Wang
et al., 2020). According to the fact that the level ROS in anti-
gen presenting cell is also much higher, Broader’s research
group also constructed the aryl-boronate-modified dextran
polymer with the ROS triggering property for antigen deliv-
ery to enhance ex-vivo immunotherapy efficiency (Manaster
et al., 2019). Moreover, nanovaccine carried more negative
charge through PBE modification because negatively charged
tetravalent form of boronate ester structure was more stable
at a physiological pH of 7.4 (Naito et al., 2018; Vrbata &
Uchman, 2018). Additionally, PBE-modified nanovesicles can
exhibited a typical pH-dependent manner, which could pro-
mote antigen cross-presentations when antigen escaped
from the lysosomes into the cytoplasm Therefore, PBE group
is really useful to be applied in antigen delivery system,
which attracted our considerable attention.

The polymer, as an optimized carrier, provide a biomed-
ical platform for encapsulating tumor antigen and protecting
them from degradation, which can accurately deliver suffi-
cient doses of antigen to target the strongest antigen pre-
senting cell, dendritic cell (DC). Based on our previous work,
we here mainly extend the series of block copolymers with
different molecular weight for optimization to achieve
enhanced immunogenicity. The nanovaccine are self-
assembled to form a core-shell structure including an anion
copolymer (PAsp-g-PBE) in the inner core to encapsulate the
tumor-associated antigen peptide derived from TRP2
(SVYDFFVWL, an MHC-I restricted epitope) (Kakwere et al.,
2017; Zeng et al., 2017; Zhang et al., 2017) through electro-
static interaction, and hydrophilic PEG outer layer to prolong
blood circulation time. Through optimization, the candidate
carrier PEG-b-PAsp-g-PBE with the proper block can transport
TRP2 peptide to APC in lymph nodes efficiently and then
loses its PBE side chains, leading to release of the preloaded
TRP2 under the high level of ROS in DC cells. Also by the
means of PEG-b-PAsp-g-PBE carrier, TRP2 tumor antigen is
able to enhance cross-presentation, which facilitates
endogenous antigen presenting via MHC-I for a cytotoxic T
cell responses. Moreover, TRP2 tumor antigen could be accu-
mulated in the draining lymph nodes for DC long-term anti-
gen presentation with PEG-b-PAsp-g-PBE delivery.

As we all known, there are only a limited number of
tumor vaccines capable of inducing optimal antitumor
immunity without external adjuvant. Therefore, most of
nanovaccines require co-delivering adjuvants for immuno-
genic improvement. For example, Zhang reported Fe3O4/T-
MPs nanovaccine with CpG/Lipo adjuvants can significantly
suppress tumor growth and prolong survival (Zhao et al.,

2019). However, undesired side effects, especially safety in
adjuvants seriously hampered the clinical application, so it is
urgent to look for the novel delivery platform without exter-
nal adjuvants (Chesson et al., 2014; Mora-Solano et al., 2017).
Here, it was exciting that we found PEG-b-PAsp-g-PBE/TRP2
nanovacaine without any external adjuvant did almost the
same immunotherapeutic effect as that combined with CpG.
It means that this nanovaccine could function as a robust
platform with the simplified construction, achieving effective
antigen delivery in cancer immunotherapy for wide
application.

2. Materials and method

2.1. Synthesis and characterization of PEG-b-PAsp-g-PBE

The PEG-b-PAsp-g-PBE copolymer was synthesized via the
amine-initiated ring-opening polymerization (ROP) and esteri-
fication reaction. With different molar ratio between BLA-
NCA and m-PEG-NH2, we obtained different block copoly-
mers with different molecular weight. According to the
length of PAsp chain, PBE with proper molar ratio was added
into reaction solution and we get PEG-b-PAsp-g-PBE with dif-
ferent grafting degree (Yang et al., 2015; Hu et al., 2017;
Wang et al., 2020). 1H NMR spectra of the polymers were
recorded on a Bruker 400MHz nuclear magnetic resonance
instrument using D2O as the solvents. Gel permeation chro-
matography (GPC) was used to analyze the molecular

Scheme 1. Schematic illustration of PEG-b-PAsp-g-PBE/TRP2 as a nanovaccine
delivery system.
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weights and molecular weight distributions (Mw/Mn) of the
polymers. GPC of polymer (PEG-b-PAsp and PEG-b-PAsp-g-
PBE) was measured by a Waters 1525 chromatograph
equipped with a Waters 2414 refractive index detector.

2.2. Cell Lines and culture conditions

B16F10(Mouse skin melanoma cells) and LO2 (Human normal
liver cells) cell lines were provided by Chinese Academy of
Sciences Cell Bank and maintained in Dulbecco’s Modified
Eagles Medium (DMEM) containing 10% fetal bovine serum
(HyClone Laboratories, Inc. Logan, UT, USA) with 100 units
mL�1 penicillin, and 100mg mL�1 streptomycin. The cells
were cultured in a humidified incubator at 37 �C, 5% CO2.
The cell culture medium was changed every 48 h.

Bone marrow-derived dendritic cells (BMDCs) were
obtained from the bone marrow of 6–8weeks old C57BL/6
mice. The bone marrow cells were flushed out of the femurs
and tibias with RPMI 1640, passed through a cell strainer and
treated with red blood cell lysis solution to obtain single cell
suspensions. Then, BMDCs were suspended in complete
RPMI 1640 medium containing 10% fetal bovine serum (FBS),
GM-CSF (10 ng/mL) and IL-4 (10 ng/mL) in six-well plates at
37 �C. On day 3, the culture medium was replaced by 4mL
fresh medium containing GM-CSF. On day 7, most of the
cells were differentiated into BMDCs and ready for use
(Dong et al., 2019; 2019; Zhao et al., 2019).

Male C57BL/6 mice weighing 18–20 g furnished by
Experimental Animal Center, Jiangsu Academy of Traditional
Chinese Medicine. All animal procedures were performed in
accordance with the Guidelines for Care and Use of
Laboratory Animals of China Pharmaceutical University and
approved by the Animal Ethics Committee of China
Pharmaceutical University, Jiangsu, China.

2.3. In vitro cytotoxicity of copolymers

The cytotoxic effect of PEG-b-PAsp and PEG-b-PAsp-g-PBE
was evaluated using MTT according to a previous protocol.
Briefly, BMDC were initially seeded into a 96-well cell culture
plate at 8� 103 per well and then incubated for 24 h at
37 �C under 5% CO2. Then, 1640 RPMI solutions with 10%
FBS of PEG-b-PAsp and PEG-b-PAsp-g-PBE at different con-
centrations were added under the same condition for 72 h
incubation. Four hours before stopping the experiment, cul-
ture medium was replaced with MTT solution of 0.2mL. At
the end of the experiment, the medium solution was
replaced by 0.15mL DMSO solution. The optical density of
the solution was measured by enzyme linked immunosorb-
ent assay (ELISA) at a wavelength of 490 nm. The absorbance
value of untreated cells was set at 100%. Each experiment
was repeated three times in sextuplicate. The cell viability
was calculated according to following formula: the viability
(%) ¼ (ODexp � ODblank)/(ODcontrol� ODblank) � 100% (Li
et al., 2017).

2.4. Preparation and characterization of PEG-b-PAsp-g-
PBE/TRP2 nanovaccine

The PEG-b-PAsp/TRP2, PEG-b-PAsp-g-PBE/TRP2 nanovaccine
were prepared by dialysis method. TRP2 peptide (20mg) and
PEG-b-PAsp-g-PBE (50mg) were dissolved in deionized water
(15mL) (John et al., 2013). The above solution was stirred at
room temperature for 6 h. The mixture was dialyzed against
deionized water to remove free TRP2 peptide. The solution
in the dialysis bag was lyophilized to obtain PEG-b-PAsp-g-
PBE/TRP2 micelles. PEG-b-PAsp/TRP2 was prepared by the
same method.

Drug loading content (DLC) were detected by BCA kit and
calculated according to the following formula (Chesson et al.
2014; Wang et al., 2019; Bu et al., 2020; Chen et al., 2019):

DLC ð%Þ ¼ weight of loaded drug=weight of NTsð Þ
� 100%47�49:

The size and zeta potential of polymeric micelles were
measured by dynamic light scattering (DLS) using a Malvern
ZS90 instrument equipped with a 532 nm laser at a scatter-
ing angle of 90�. The measurements were performed at
25 �C after diluting the samples to an appropriate concentra-
tion with ultrapure water (pH¼ 7.0) (Hu et al., 2020).

The morphology of nanovaccine was observed by
Transmission Electron Microscopy (TEM) on a JEOL-2100 with
accelerating voltage of 200 kV. TEM samples were prepared
by drop-casting dispersion onto copper grids covered by car-
bon film.

In vitro release behavior of ROS-triggered TRP2 load vac-
cine was measured by fluorescence analysis. In order to
detect the concentration of TRP2, the TRP2 peptide was
labeled with CY3 through amido bond. CY3 labeled TRP2
(CY3-TRP2) was synthesized by mixing CY3-NHS with TRP2 at
the proper molar ratio for 12 h under stirring in the dark,
purified by dialysis method and obtained by lyophilization45.
PEG-b-PAsp/CY3-TRP2 and PEG-b-PAsp-b-PBE/CY3-TRP2 was
fabricated according to the above method. 2mg of PEG-b-
PAsp/CY3-TRP2 and PEG-b-PAsp-b-PBE/CY3-TRP2 aqueous
solution was infused into a dialysis bag with 3500DA cutoff
and dialyzed against phosphate-buffered saline (PBS, 1mM
H2O2) at 37 �C on an orbital shaker in the dark. At each inter-
val time over a period of 48 h (1 h, 2 h, 4 h, 6 h, 10 h, 12 h,
24 h, 48 h), the concentration of CY3-TRP2 in the dialysate
was measured by fluorescence analysis. The total volume of
dialysis medium was maintained at 80mL through the test
(Wang et al., 2020).

2.5. In vitro immunization studies

2.5.1. Antigen uptake and localization of nanovaccine
in BMDCs

To investigate cellular uptake and localization of nanovaccine
in BMDCs, flow cytometry CLSM was applied. BMDC was cul-
tured into a 6 well plate. After being treated with PEG-b-
PAsp/FITC-TRP2, PEG-b-PAsp-g-PBE/at 37 �C for 30min, cells
were collected and stained with CD11c PBS. The percentage
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of cells internalized with nanovaccine was analyzed by flow
cytometry (Liu et al., 2019; Zhao et al., 2019).

Subsequently, CLSM was applied to investigate the gen-
eral intracellular distribution. In brief, BMDC was seeded on a
coverslip in 35mm dishes and incubated with FITC-TRP2,
PEG-b-PAsp/FITC-TRP2, PEG-b-PAsp-g-PBE/FITC-TRP2. After
culturing for 30min, the cells were washed several times
with PBS to remove the remaining samples and dead cells.
At last, cell nuclei were stained with DAPI (2lg/mL) for
15min and fluorescent images were recorded by a CLMS.

2.5.2. Maturation of BMDCs and cross-presentation
of antigens

To determine whether PEG-b-PAsp-g-PBE/TRP2 nanovaccine
treatment could activate DC mature in vitro, flow cytometry
and ELISA kits was employed in this experiment. Immature
BMDCs were incubated with PEG-b-PAsp-g-PBE, free TRP2,
PEG-b-PAsp/TRP2 and PEG-b-PAsp-g-PBE/TRP2 (50lg TRP2
per cell) for 24 h, followed by being stained with a mixture
of antibodies labeled with different fluorescent dyes against
CD11c, CD80, CD86, MHC-I, CCR-7. Membrane CD80, CD86,
CCR-7 on CD11cþDCs were analyzed by a MACSQuantTM
flow cytometry. Concentrations of Interleukin-1b (IL-1b),
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a) in cul-
ture supernatants were measured by ELISA kits according to
vendor‘s protocol. All samples were measured in triplicate
(Rajput et al., 2018; Hu et al., 2020; Li et al., 2020).

2.5.3. T cell proliferation
For T cell proliferation assay, splenic T cells from C57BL/6
male mice, selected by flow cytometry, were stained by CFSE
Cell Proliferation Kit (CFSE, Invitrogen) under the vendor‘s
instructions. Then, the BMDCs were treated with TRP2, PEG-
b-PAsp/TRP2, PEG-b-PAsp-g-PBE/TRP2 and incubated with
splenic T cells at the cell number ratio of 1:5, 1:10 for 72 h.
The T cells proliferation was finally analyzed by flow cytome-
try after staining CD3, CD4, CD8. Concentrations of inter-
feron-gama (IFN-c) in culture supernatants were measured
by ELISA kits according to the above method (Kapadia et al.,
2016; Dixit et al., 2018; Wang et al., 2018; Zupancic
et al., 2018).

2.6. In vivo immunization study

2.6.1. In vivo fluorescence imaging
The fluorescence imaging in vivo was determined by imag-
ing system (Tanon ABL X8). CY3-TRP2, PEG-b-PAsp/CY3-TRP2,
PEG-b-PAsp-g-PBE/CY3-TRP2 (containing same concentration
of CY3-TRP2) was injected subcutaneously near LNs of
C57BL/6 mice with hair removed. An in vivo imaging system
using 532 nm as the excitation wavelength and 560–750 nm
as the emission range was utilized to obtain CY3-TRP2 signal.
For in vivo tracking, the fluorescence signals of LNs were
detected at different time from 0h to 48 h (Wu et al., 2019).

2.6.2. CTL response analysis
C57BL/6 male mice were immunized with PBS, PEG-b-PAsp-
g-PBE, TRP2, PEG-b-PAsp/TRP2 and PEG-b-PAsp-g-PBE/TRP2
(containing same concentration of TRP2) by injecting. The
vaccination was performed three times every 7 days as inter-
val (at day 0, 7, and 14). Mice were sacrificed after 20 days.
The spleen and serum were collected for immunological
response analysis. Percentage of T cell subtypes (CD4þ T cell
and CD8þ T cell) in spleen was evaluated by flow cytometry
(Guo et al., 2015).

2.6.3. Memory T-cell response analysis
To further evaluate memory T-cell responses, splenocytes
were restimulated with TRP2 (50 lg/mL) for 72 h and subse-
quently stained with CD3, CD4, CD8, CD44 and CD62L.
Subsequently, the flow cytometer was used to analyze per-
centage of memory T-cells in splenocytes (Liu et al., 2016;
Zhang et al., 2019; Shae et al., 2020).

2.7. Tumor prevention

For tumor prevention, after the completion of three vaccina-
tions, 8� 105 B16F10 cells (suspended in 100 lL sterile PBS)
were subcutaneously injected into the right side of the flank.
The tumor volume was calculated by length�width Paijens
et al. (2021) � 0.5. The tumor sizes were measured every
3 days by a digital caliper. Eighteen days later, tumor-bearing
mice were sacrificed, and the tumor tissues were removed
from the bodies for measurement. Major organs (heart, liver,
spleen, lung and kidney) were dissected from mice and
hematoxylin-eosin (H&E) staining. T cell subtypes analysis
was performed at the end of experiment according to previ-
ous protocol (Rajput et al., 2018; Zhao et al., 2019).

2.8. Antitumor efficacy study

Antitumor efficacy study was conducted when the tumor
average volume reached 80–100mm3. On day 5, the mice
were divided into seven groups vaccinated with PBS, PEG-b-
PAsp-g-PBE, aPD-1, TRP2, PEG-b-PAsp/TRP2 and PEG-b-PAsp-
g-PBE/TRP2 (containing same concentration of TRP2) on day
5, 10 and 15. Tumor sizes were measured every 3 days and
the percentage of mouse survival rate was calculated at the
same time. The spleens were collected for immunological
response analysis at the end of experiment. Splenocytes
were stained with CD3, CD4, CD25, FOXP3 and percentage of
T regular cells in spleen were evaluated by flow cytometry.
Hematoxylin-eosin (H&E) and immunofluorescence staining
were also carried out at the same time (Zhang et al., 2019;
Zhao et al., 2019).

3. Results and discussion

3.1. Synthesis and characterization of PEG-b-PAsp-g-PBE

Ring Opening Polymerization (ROP) was employed to synthe-
size polymer PEG-b-PAsp, explored in our previous research.
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On this base, by varying the feed molar ratio of monomer
(BLA-NCA) to macromolecular initiator (PEG-NH2), copolymers
PEG-b-PAsp with different molecular weight were synthe-
sized. As the polymerization degrees increased to 90, the
length of PAsp chain did not increase obviously. So under
this reaction condition, we obtained four copolymers PEG45-
b-PAspn (n¼ 25, 40, 70, 90) for further experiments.
Subsequently, the PBE group was grafted to PAsp chain by
ester bond, which endow the resulting polymer with ROS-
responsive feature. The structure of the copolymer (PEG-b-
PAsp-g-PBE and PEG-b-PAsp) was characterized using 1H-
NMR spectroscopy (Figures S1 and S2) and GPC traces
(Figures S3 and 1). The compositions of PEG-b-PAsp and
PEG-b-PAsp-g-PBE diblock polymers were listed in Tables S1
and S2. These results showed that we successfully synthe-
sized series of copolymer (PEG-b-PAsp-g-PBE and PEG-b-
PAsp) with different molecular weight.

Cytotoxicity of the polymer (PEG-b-PAsp and PEG-b-PAsp-
g-PBE) against BMDC cells and LO2 was respectively eval-
uated by MTT assay in this study. The Polymer-treated (PEG-
b-PAsp and PEG-b-PAsp-g-PBE) cells showed a dramatically
high cell viability (>85%) over a wide concentration range
(15–300 lg/mL) (Figures S4–S7). Inspired by its low cytotox-
icity, we carry out the further experiments with PEG-b-PAsp-
g-PBE.

3.2. Preparation of nanovaccine and morphology study

The PEG-b-PAsp/TRP2 and PEG-b-PAsp-g-PBE/TRP2 nanovaccine
were prepared by dialysis method through the electrostatic
interaction. The morphology study of nanovaccine was charac-
terized by dynamic light scatting (DLS) and transmission elec-
tron micrographs (TEM) measurements. The hydrodynamic size
of PEG45-b-PAsp90/TRP2 and PEG45-b-PAsp90-g-PBE50/TRP2 are
around 100 and 110nm (Figure S8). Also after incubated with
10% FBS, nanovaccine show no clear changes in the hydro-
dynamic size (Figure S9). The zeta potential of PEG-b-PAsp/TRP2
micelles decreased with the PAsp chain increase (Table S3). Also
PEG-b-PAsp-g-PBE/TRP2 nanovaccine carried more negative

charge, which can further confirm the PBE group has been
modified successfully. Negatively charged tetravalent form of
boronate ester structure was more stable at a physiological pH
of 7.4. The morphologies of the nanoparticles PEG45-b-PAsp90-g-
PBE50/TRP2 were observed as well-dispersed spherical micelles
around 90nm (TEM), which is proper for lymph nodes drainage
and DC uptake (Figure 2).

We next assessed drug loading efficiency of PEG-b-PAsp/
TRP2 and PEG-b-PAsp-g-PBE/TRP2 nanovaccine by BCA ana-
lysis. According to DLE the following formula, the calculation
of drug loading efficiency was listed in Table S4. As the
increase of PAsp chain, more TRP2 peptide has been encap-
sulated into nanoparticle through the electrostatic inter-
action. PBE modification did not significantly affect drug
loading efficiency of nanocarrier. These results showed that
we successfully construct series of nanovaccine with different
molecular weight, surface charge and drug loading efficiency
for later optimization.

In order to study vitro TRP2 release behavior of the
micelles, we labeled TRP2 with CY3, then fabricated PEG-b-
PAsp/CY3-TRP2 and PEG-b-PAsp-b-PBE/CY3-TRP2 nanovac-
cine, monitoring CY3-TRP2 by fluorescence analysis. The
fluorescence emission spectroscopy showed that we success-
fully labeled TRP2 with TRP2(Figure S10). To mimic the con-
ditions of lysosomes, microenvironment in DC and normal
physiological, the micelles were incubated with PBS, includ-
ing a control level (pH ¼ 7.4), an acidic pH level (pH ¼ 5.0)
and an acidic pH level with ROS (pH ¼ 5.0 with 1mM H2O2).
Both PEG-b-PAsp/CY3-TRP2 and PEG-b-PAsp-g-PBE/CY3-TRP2
performed a sustained release process and the controlled
release behavior. As shown in Figure 3, the release of CY3-
TRP2 from PEG-b-PAsp/CY3-TRP2 and PEG-b-PAsp-g-PBE/CY3-
TRP2 was low (29% and 31%) at normal physiological pH 7.4
after 48 h incubation. Addition with 1mM H2O2 in phos-
phate-buffered saline, the release rate of PEG-b-PAsp-g-PBE/
CY3-TRP2 increased to 40%, because PBE group can response
to ROS trigger and cause nanovaccine being cleavable and
drug releasing. Acidification of the buffer to pH 5.0 caused a
moderately higher release rate (35% and 41%), owing to the
simulated lysosomes under the similar pH condition breaking

Figure 2. TEM image of PEG45-b-PAsp90-g-PBE50/TRP2.Figure 1. Gel permeation chromatography (GPC) of copolymers PEG-b-PAsp-
g-PBE.
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the electrostatic interaction of nanovaccine and causing solu-
bility of TRP2 increase. Moreover, compared with PEG-b-
PAsp/CY3-TRP2, a significantly higher release rate (77%) of
CY3-TRP2 from PEG-b-PAsp-g-PBE/CY3-TRP2 was measured at
acidic pH level with H2O2 addition after 48 h incubation
(Figure 3). Therefore, dual-triggered (ROS and pH) degrad-
ation of platform can cause the dissociation of nanovaccine
and TRP2 antigen released.

3.3. In vitro immunization studies

3.3.1. Antigen uptake and distribution
Nanovaccine with different molecular weight uptake was
quantified using the technique of flow cytometric analyses.
Results showed that the PEG-b-PAsp-g-PBE/FITC-TRP2 were

carried into the BMDC cell lines at the highest uptake of
about 98.3%, in comparison with other PBE modification
nanovaccine containing with same amount of nanocarrier.
The capability of antigen uptake was enhanced with the
molecular weight increased, due to its highly negative sur-
face charge and drug loading efficiency. Also the PEG-b-
PAsp/FITC-TRP2 was in the same situation (Figure S11A).
Consistent with this result, confocal fluorescence imaging
showed BMDC treated with PEG-b-PAsp/TRP2 and PEG-b-
PAsp-g-PBE/TRP2 appeared significantly higher TRP2 signal
(green) than that of other control groups (Figure S11B).
Considering copolymers cellar uptake, we finally chose
PEG45-b-PAsp90/TRP2 and PEG45-b-PAsp90-g-PBE50/TRP2 as
the nanovaccine to carry out the further experiments.

The intracellular localization of TRP2 peptide in BMDCs
was evaluated by confocal laser microscopy, following with
nucleus and lysosome stained by DAPI and lysotracker red
respectively. According to above experiment, PEG-b-PAsp/
TRP2 and PEG-b-PAsp-g-PBE/TRP2 containing same concen-
tration of TRP2 was incubated BMDC for 30min. Figure 4
showed the green signal of TRP2 (green) was co-localized
with lysosomes (red), indicating the cellular uptake and
endosomal escape of tumor antigen by BMDC. A small pro-
portion of TRP2 could be captured the DCs in group treated
with TRP2 only. TRP2 signal from the PEG-b-PAsp/TRP2 group
increased marginally in the cytoplasm of BMDCs, compared
to free TRP2. However, BMDC treated with PEG-b-PAsp-g-
PBE/TRP2 exhibited the strongest fluorescence signal, indicat-
ing more effectively delivery. The quantitative data was
detected by flow cytometry, further exploring that the mean
fluorescence intensities of nanovaccine after 30min incuba-
tion. The FCM results (Figure S12) were basically consistent
with the CLMS results, indicating TRP2 released from the
PEG-b-PAsp-g-PBE/TRP2 were quickly transported to the cyto-
plasm in response to high concentration of ROS in BMDCs.
All of the above results illustrated the efficient cellular
uptake of nanovaccine with PBE modification. Moreover, the
TRP2 escaped from the lysosomes into the cytoplasm of

Figure 4. Cellular uptake and intracellular localization of TRP2, PEG45-b-PAsp90/TRP2 and PEG45-b-PAsp90-g-PBE50/TRP2 in BMDC cells.

Figure 3. In vitro release profiles of CY3-TRP2 (A PEG-b-PAsp-g-PBE/CY3-TRP2
at pH ¼ 5.0 with 1mM H2O2; B PEG-b-PAsp-g-PBE/CY3-TRP2 at pH ¼ 5.0; C.
PEG-b-PAsp-g-PBE/CY3-TRP2 at pH ¼ 7.4 with 1mM H2O2; D. PEG-b-PAsp-g-
PBE/CY3-TRP2 at pH ¼ 7.4; E. PEG-b-PAsp/CY3-TRP2 at pH ¼ 5.0 with 1mM
H2O2; F. PEG-b-PAsp/CY3-TRP2 at pH ¼ 5.0; G. PEG-b-PAsp/CY3-TRP2 at pH ¼
7.4 with 1mM H2O2; H. PEG-b-PAsp/CY3-TRP2 at pH ¼ 7.4;). Results are pre-
sented as mean (SD) (n¼ 3) (�P< .05).
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BMDCs, suggesting that tumor antigens delivered by nano-
particle may be presented through both the MHC-I and
MHC-II pathways.

3.3.2. Maturation of BMDCs and cross-presentation
of antigens

DCs as the strongest antigen presenting cells are responsible
for activating the immune responses. After capturing tumor
antigen, immature DC will become mature DCs to present
the antigen into nearby draining lymph nodes. The level of
DC maturation is quite an important prerequisite for evaluat-
ing the immune response in DC-based nanovaccine.

It is well known that the co-stimulatory molecules (CD80,
CD86) on the cell membrane would be some typical markers
of mature DC. Therefore, the DCs maturation was assessed
by detecting CD80 and CD86 level. In comparison to control
group, the percentage of CD80þ CD86þ DCs was significantly
higher in the group treated by PEG-b-PAsp-g-PBE/TRP2

(Figure 5(A)). Also the level of CCR7 expression on DC was
dramatically improved (50%) in the PEG-b-PAsp-g-PBE/TRP2
treated group, with 5 folder higher than blank control,
whereas 27% and 35% in the TRP2-treated and PEG-b-PAsp/
TRP2-treated group (Figure 5(B)). Consistent with the result,
BMDCs treated with PEG-b-PAsp-g-PBE/TRP2 had a signifi-
cantly higher level of IL-1b, IL-6 and TNF-a than the other
control groups in the cytokine measurement by ELISA assays
(Figure S13). We all know cytokine TNF-a, IL-1b and IL-6
secreted from BMDCs plays an important role in T-cell prolif-
eration and CTL activation. Taken together, all these results
indicate that TRP2 nanovaccine modified with PBE could acti-
vate BMDCs and induce an enhanced immunological effect
in vitro without external adjuvant.

3.3.3. T cell proliferation
Specific CD4þ and CD8þ T cells proliferation is one of the
most important indexes to evaluate the vaccine-induced

Figure 5. In vitro DC maturation, and antigen cross-presentation triggered by PEG-b-PAsp-g-PBE/TRP2 nanovaccine. (A, B) The representative flow cytometry
images and statistic data of DC maturation for DCs treated with nanovaccine CD11cþ, CD80þ, CD86þ, CCR7þ are the markers for matured DCs. Results are pre-
sented as mean (SD) (n¼ 5) (�P< .05 and ��P< .01).
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immune response (Figure 6(A,B)). We pulsed DCs with nano-
vaccine (TRP2, PEG-b-PAsp/TRP2 PEG-b-PAsp-g-PBE/TRP2)
in vitro, followed by incubating them with CFSE-labeled T
cells. All group pulsed with DCs exhibited fingerlike peaks,
whereas untreated group showed no changes. As the DC
ratio increased, the proliferative responses exhibited different
level of increase in each group. Moreover, T cells treated

with PEG-b-PAsp-g-PBE/TRP2-pulsed DCs showed the distinct
proliferation capability in all groups, due to its highest prolif-
eration index and lower CFSE signals similar to that of the
blank control. Meanwhile, PEG-b-PAsp/TRP2 and TRP2 group
only showed the moderate proliferative responses compared
to the group of DC pulsed only. To further verify T cell prolif-
eration and activation by PEG-b-PAsp-g-PBE/TRP2 in vitro,
the IFN-c secretion from T cell was also analyzed by ELISA.
The PEG-b-PAsp-g-PBE/TRP2 nanovaccine could induce much
more IFN-c secretion than any other groups, nearly 300 folds
higher than untreated group (Figure 6(C)). It was uncovered
that nanovaccine PEG-b-PAsp-g-PBE/TRP2 without any exter-
nal adjuvant could obviously enhance T cell proliferation
capability and trigger stronger immune responses in vitro.

3.4. In vivo immunization studies

3.4.1. Nanovaccine promoted retention in draining
lymph nodes

Efficient delivery of antigens could exert a strong immune
response against tumor occurrence. To determine if nanovac-
cine can delivery tumor antigen into draining lymph nodes,
where DC maturation and cross-presentation would take
place, a live animal imaging system was exploited for accur-
ate monitoring in the experiment. Mice were injected with
CY3-TRP2, PEG-b-PAsp/CY3-TRP2, PEG-b-PAsp-g-PBE/CY3-
TRP2 (containing same concentration of CY3-TRP2) for
in vivo fluorescence imaging. As shown in Figure 7, CY3-
TRP2 fluorescence signals could be observed very strong
near popliteal lymph nodes after a few minutes’ injection. At
4 h post-injection, fluorescence signals in groups of CY3-TRP2
and PEG-b-PAsp/CY3-TRP2 decreased sharply only 2% reten-
tion in lymph nodes due to its easy degradation. In contrast,
PEG-b-PAsp-g-PBE/CY3-TRP2 nanovaccine exhibited obviously
enhanced (8 folders) retention in lymph nodes. Moreover,
12 h later fluorescence intensity of CY3-TRP2 and PEG-b-
PAsp/CY3-TRP2 was very low, while the concentration of
TRP2 in PEG-b-PAsp-g-PBE/CY3-TRP2 was clearly detected
even after 48 h (Figure 7). The above results evidenced that
PEG-b-PAsp-g-PBE/CY3-TRP2 could be accumulated in the
draining lymph nodes for DC long-term antigen presentation,
which can achieve enhanced immunogenic.

3.4.2. CTL response analysis
The CD3þCD8þ T cell, called cytotoxic T lymphocytes (CTLs),
can directly kill cancer cells. Therefore, the percentage of
CD8þ T cell subset is a significant indicator of immune
response in vivo. After the boosting immunization, we col-
lected splenocytes from each treated group of vaccinated
mice (PBS, PEG-b-PAsp-g-PBE, TRP2, PEG-b-PAsp/TRP2 and
PEG-b-PAsp-g-PBE/TRP2) and stained with APC-CD8 and
PECY7-CD3 antibody. The CTL response in PBS and PEG-b-
PAsp-g-PBE carrier treated groups are at the same level, only
11.2% and 12.7% respectively. However, PEG-b-PAsp-g-PBE/
TRP2 nanovaccine significantly improved the percentage of
CD8þT cells (26.7%) more than TRP2 (16.7%) and PEG-b-
PAsp/TRP2 (17.1%). Statistical analysis indicated that

Figure 6. T cell proliferation and IFN-c secretion. (A, B) The representative flow
cytometry images and statistic data analysis of (A) CFSE-labeled CD8þ T cell
and (B) CFSE-labeled CD4þ T cell proliferation in spleen; (C) IFN-c cytokine
secreted from T cell after treated with nanovaccine. Results are presented as
mean (SD) (n¼ 5) (�P< .05, ��P< .01 and ���P< .001).
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adjuvant-free TRP2 nanovaccine with PBE modification can
elicit more efficiently CTLs responses than TRP2 and PEG-b-
PAsp/TRP2 (Figure 8).

3.4.3. Memory T-cell response analysis
As we all known, memory T-Cell play a vital role in develop-
ing a long-term protection to fight against the second
attack of pathogen infection. So, we tested the induction of
memory T cells in restimulated splenocyte from vaccinated
mice. Memory T cells are classified to central memory T cell
(TCM) and effector memory T cells (TEM). TCM, highly
expressing molecule CD62L, showed higher antitumor activ-
ities than TEM. After restimulating, these cells were stained
by CD44-APC, CD62L-PE to analyze percentage of TCM. As
shown in, PEG-b-PAsp-g-PBE/TRP2 group showed significant
increase (10%) in the CD8þ TCM population (CD8þCD44þ

CD62Lþ), compared with untreated mice. In contrast, treat-
ment with TRP and PEG-b-PAsp/TRP2 induced the gener-
ation of slightly more (2.4%, 3.9%) TCM than vaccination
with PBS group. Similarly, in CD4þ TCM analysis, PEG-b-
PAsp-g-PBE/TRP2 group elicited significantly higher central
memory T cells than other groups (Figure 9). Taken
together, typical flow cytometry results of PEG-b-PAsp-g-
PBE/TRP2 adjuvant-free nanovaccine can induce the strong
memory T-cell immune response for long-term prevention
against tumors.

3.5. Tumor prevention

To investigate the in vivo prophylactic effect, mice were div-
ided into five groups (PBS, PEG-b-PAsp-g-PBE, TRP2, PEG-b-
PAsp/TRP2 and PEG-b-PAsp-g-PBE/TRP2) and vaccinated
before tumor cell implanted and then tumor sizes were

Figure 7. In vivo fluorescence images and quantified fluorescence signals at the lymph nodes at different time points after injecting free CY3-TRP2, PEG-b-PAsp/
CY3-TRP2 or PEG-b-PAsp-g-PBE/CY3-TRP2 nanovaccine.

Figure 8. The representative flow cytometry images and statistic data of CD8þ T cells in the spleen from mice immunized with nanovaccine. Results are presented
as mean (SD) (n¼ 5) (�P< .05).
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measured every 2 or 3 days (Figure 10(A)). No inhibitory
effect on tumor growth was observed within the negative
control groups (PBS, PEG-b-PAsp-g-PBE), and the average
tumor volumes were 2452.09mm3. However, all groups vac-
cination with (TRP2, PEG-b-PAsp/TRP2 and PEG-b-PAsp-g-
PBE/TRP2) showed different levels of tumor growth inhibition
effect. Especially, the group immunization with PEG-b-PAsp-
g-PBE/TRP2 achieve significant delay in the tumor growth
(complete elimination of tumors in �78% of animals), com-
pared to the other groups, including the TRP2 and PEG-b-
PAsp/TRP2 groups (Figure 10(B,C)). All mice were sacrificed
for immunity evaluation at day 21 days, splenocytes col-
lected. Compared to positive group (TRP2, PEG-b-PAsp/TRP2),
PEG-b-PAsp/TRP2 treatment could obviously improve the
percentage of CD8þ T cells in splenocytes (Figure 10(D)). The
enhanced tumor prevention effect identified PEG-b-PAsp/
TRP2 nanovaccine can protect mice from challenged B16F10
melanoma cells.

Additionally, toxicity is a major concern for in vivo appli-
cation of nanoparticles. The mice in each group showed
obviously decreasing body weight (Figure 10(E)), indicating
that negligible toxicity occurred during treatment. To further
confirm, we sacrificed mice, collected all the organ tissues
and preform the histological analysis at the end of experi-
ment (Figure 10(F)). Compared with tissues of blank group,
no obvious abnormality was found in each group.
Collectively, these results demonstrate the vaccine delivery
system with good biocompatibility suggest the potency in
tumor prevention.

3.6. Antitumor efficacy study

Encouraged by above results, the therapeutic effect of nano-
vaccine was performed on the B16F10 melanoma model.
Consistent with in vivo prophylactic effect data, PEG-b-PAsp-
g-PBE/TRP2 nanovaccine exhibited robust antitumor efficacy,

Figure 9. The representative flow cytometry images and statistic data of memory T-cell analysis (A) CD8þ and (B) CD4þ TCM by flow cytometry after re-stimulating
with TRP2 (50lg/mL) for 7 days after immunization. Results are presented as mean (SD) (n¼ 5) (��P< .01).
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leading significant effects to suppress tumor growth. The
tumor growth inhibition of the group PEG-b-PAsp-g-PBE/
TRP2 injected with was 80.0% on the 18th day, while positive

group treated with TRP2 and PEG-b-PAsp/TRP2 were 26.3%
and 66.3% respectively. TRP2 peptide only achieve limited
antitumor and therapeutic effects without nanocarrier due to

Figure 10. Antitumor effect of PEG-b-PAsp-g-PBE/TRP2 as a prophylactic vaccine (A) Schematic illustration for immune processes and tumor challenge experiment
design. (B, C) Prophylactic effects of nanovaccine against B16F10 melanoma cells (B) Photo of tumor tissues from mice at the end of the study (C) Average tumor
growth curves. (D) The representative flow cytometry images and statistic data of CD8þ T cells in the spleen from mice at the end of the study. (E) Real-time
weight analysis of mice after each treatment. (F) Histological analysis of tissues with H&E Results are presented as mean (SD) (n¼ 8) (��P< .01
and ����P< .0001).
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its announced problem including rapid degradation, low
affinity and immunological tolerance. Anti-PD-1, as one of
immune checkpoint block (ICB), revitalize the cancer

immunotherapy and enhance the antitumor effect in clinic
treatment for advanced melanoma. aPD-1 treated group
showed moderate significantly retarded tumor growth (62%

Figure 11. Antitumor effect of PEG-b-PAsp-g-PBE/TRP2 vaccine (A) Schematic illustration for immune processes and tumor challenge experiment design. (B, C)
Antitumor effects of nanovaccine against B16F10 melanoma cells (n¼ 7) (B) Photo of tumor tissues from mice at the end of the study (C) average tumor growth
curves. (D) Survival data of mice shown in panel (n¼ 15) (E)The representative flow cytometry images and statistic data of CD8þ T cells in the spleen from mice at
the end of the study (n¼ 7). (F) The representative flow cytometry images and statistic data of Treg cells in the spleen from mice at the end of the study (n¼ 7).
Results are presented as mean (SD) (�P< .05, ��P< .01 and ���P< .001).
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tumor growth inhibition), which was higher than TRP2-
treated group (26.3%) and lower than PEG-b-PAsp-g-PBE/
TRP2 group (80.0%) (Figure 11(B,C)).

Cytosine-phosphate-guanine (CpG) as the immunoadjuvants,
has widely applied in the nanovaccine for promoting antigen-
specific immune response through TLR 9 pathway. In order to
further confirm the antitumor efficacy of this PEG-b-PAsp-g-
PBE/TRP2 adjuvant-free nanovaccine, the combinations of CpG
have been tested. As shown in Figure S14, the TRP2þCpG
group exhibit the more powerful tumor growth suppression

compared with the one treated with TRP2 only. However, com-
pared with PEG-b-PAsp-g-PBE/TRP2 group, the addition of CpG
(PEG-b-PAsp-g-PBE/TRP2þCpG) showed only limited improve-
ment in tumor inhibition. Therefore, the data further confirmed
PEG-b-PAsp-g-PBE/TRP2 nanovaccine without external adjuvant
did exhibit outstanding antitumor efficacy.

The survival rate of mice was recorded at the same time
(Figure 11(D)). Noticeably, 40% of mice still survived 30 days
after treated with PEG-b-PAsp-g-PBE/TRP2 nanovaccine and
none of the mice survived in the two control groups (PBS
and PEG-b-PAsp-g-PBE) after 27 days. PEG-b-PAsp-g-PBE/TRP2
adjuvant-free nanovaccine can facilitated a prolonged mean
survival time and a significantly improved survival rate. Most
strikingly, the PEG-b-PAsp-g-PBE/TRP2 group show longest
survival time (nearly 33% of mice) after 36 days, while none
of mice survived in other groups. Therefore PEG-b-PAsp-g-
PBE/TRP2 adjuvant-free nanovaccine can not only show effi-
cient anti-tumor activity but also prolong survival span of
vaccinated mice in immunotherapy.

CD8þ T cell and CD4þCD25þFoxP3þ T cell (T regular cell)
from splenocyte were analyzed by flow cytometry (Figure
11(E,F)). PEG-b-PAsp-g-PBE/TRP2 could obviously induced
strong CTL response. The percentage of CD8þ T cells in sple-
nocytes of this group is 18.5% which is 2.27-fold, 2.20-fold,
1.54-fold, 1.22-fold, 1.18-fold higher than PBS, PEG-b-PAsp-g-
PBE, aPD-1, TRP2, PEG-b-PAsp/TRP2. Conversely Treg cell play
a critical role in the immune response by down-regulating
the function of effector T cell. The decrease in percentage of
Treg cell was also reflected in the remarkable increase in
effector T cell ratios. As shown the percentage of
CD25þFoxP3þ Tregs decreased after treated with PEG-b-
PAsp-g-PBE/TRP2 nanovaccine.

Toxicity evaluation also performed during the antitumor
efficacy study in combination immunotherapy. Consistent
with the prophylactic experiment, the results indicate the
favorable biocompatibility of nanovaccine through body
weights measurement and H&E stain (Figure S15 and S16).

Finally, the T cell from splenocyte and tumor sections
were evaluated by immunofluorescence staining. As shown
Figure 12 and Figure S17 and S18, TRP2 nanovaccine
increased CD8þ T cell and also led to a decrease in immuno-
suppressive cell (Treg Cell). Also in tumor section, immuno-
fluorescence signal of PD-1 is rather low in TRP2
nanovaccine treated group as compared with PBS group, fur-
ther confirming the excellent ability of TRP2 nanovaccine to
down-regulate immunosuppressive cell. Moreover, compared
with the TRP2 nanovaccine, the addition of CpG (PEG-b-
PAsp-g-PBE/TRP2þCpG) did not showed apparent difference
both in splenocyte and tumor sections. Taken together, these
results suggested that the PEG-b-PAsp-g-PBE/TRP2 adjuvant-
free nanovaccine induce a remarkable immune response and
achieve immune prevention and protection.

4. Conclusions

In summary, we have developed the nanovaccine delivery
system without any external adjuvant to overcome multiple
limitation of peptide-based vaccine and boost immune

Figure 12. Immunofluorescence staining of splenocyte (A) and tumors
(B)showed the CD8þ T cells, CD4þ T cells.
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response in tumor prevention and treatment. According to
principle of designing vaccine, we optimize PEG45-b-PAsp90
and PEG45-b-PAsp90-g-PBE50 as ideal polymers to fabricate
nanovaccine, considering its cytotoxicity, size, charge, drug
loading efficiency and cellular uptake. For PBE modification,
PEG45-b-PAsp90-g-PBE50/TRP2 adjuvant-free nanovaccine
can promote cellular uptake, stimulate DC maturation,
enhance lymph node retention and improve T cell activation.
Strikingly, PEG45-b-PAsp90-g-PBE50/TRP2 adjuvant-free nano-
vaccine elicited strong T-cell responses and led to potent
tumor growth inhibition against melanoma both in prophy-
lactic and therapeutic models. Furthermore, PEG45-b-PAsp90-
g-PBE50/TRP2 can showed greater anti-tumor immune
response than monotherapy treated with TRP2 peptide, with
33% survival over 36 days. Therefore, PEG-b-PAsp-g-PBE
nanovaccine without any adjuvant can serve as an attractive
candidate platform for effective antigen delivery in tumor
immunotherapy due to its simplicity, safety and effectivity.
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