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A B S T R A C T   

Cancer nanovaccines offer a promising strategy for fighting against tumors, however, the engineering of cancer 
nanovaccines that can be easily fabricated with tanglesome cancer cell-derived antigens and elicit an adequately 
strong tumor-specific cellular immunity remains challenging. Herein, metal-phenolic networks (MPNs) are used 
as an antigen delivery platform to prepare the mannose-modified MPNs nanovaccine loaded with ovalbumin 
(OVA) and the immunoadjuvant CpG oligodeoxynucleotide (MMOC) through the facile self-assembly. When the 
model antigen OVA is substituted with cancer cell membrane proteins (CCMPs), the nanovaccine is called 
MMCC. MMOC markedly activates dendritic cells (DCs) via the mannose-mediated endocytosis and efficiently 
promotes the antigen cross-presentation, thus inspiring a robust antigen-specific CD8+ T cell response as well as 
immune memory effect in vivo. Consequently, MMOC exhibits admirable therapeutic and preventive results on E. 
G7-OVA tumors. Moreover, the combination use of MMCC with anti-PD1 significantly inhibits the growth of 4T1 
tumors by strengthening the cellular immunity and decreasing the proportion of regulatory T cells (Tregs). The 
survival rate of 4T1 tumor-bearing mice in the prophylaxis assay is maintained at 100 % by MMCC over 42 days. 
Altogether, this study affords a universal and effective nanovaccine preparation strategy for cancer immuno
therapy and prevention.   

1. Introduction 

Over the past decade, cancer immunotherapy that uses the body’s 
own immune system to fight against cancer cells has brought a 
tremendous new vitality to the development of cancer treatments. 
Among the different cancer immunotherapy schemes [1,2], such as 
immune checkpoint blockade (ICB), and chimeric antigen receptor T cell 
(CAR-T) immunotherapy, etc., the cancer vaccine therapy has been 
investigated based on theory and its clinical application [3]. Usually, 
cancer whole-cell antigens (CWCAs), directly derived from cancer cell 
lysates [4–6] or membranes [7,8], have been considered to be superior 
to cancer-associated antigens [9,10] and cancer-specific antigens 
[11,12], due to their ease of production, low cost, relative integrality of 

cancer cell antigens, and ability to enable a broad spectrum of antitumor 
immune responses [13]. Generally, CWCAs are used as the source of 
cancer vaccines, and assumed to inhibit the progression of pre-existing 
tumor and prevent the occurrence of tumors by eliciting a tumor- 
specific immune response [14]. 

Nevertheless, toward triggering the adequate antitumor cellular 
immunity, CWCAs have to follow a number of pathways: 1) CWCAs are 
captured and internalized by antigen presenting cells (APCs), especially 
dendritic cells (DCs) [15]; 2) CWCAs escape from lysosomes and un
dergo cross-presentation [16]; 3) Mature DCs home to lymph nodes and 
present antigen epitopes to T cells via the major histocompatibility 
complex class I (MHC I) pathway, subsequently stimulating the cyto
toxic T cells (CTLs) [17]. However, as a matter of fact, free CWCAs often 
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fail to achieve such an ideal immune regulating result, because they are 
inherently susceptible to degradation in vivo, and they may be ineffi
ciently ingested by DCs. As exogenous antigens, CWCAs are also prone to 
evoke humoral immunity rather than cellular immunity [18–20]. Taking 
these into consideration, the induction of a notable CTLs-mediated 
antitumor immune effect, thus depends on the efficient delivery of 
CWCAs into DCs and the sufficient activation of DCs. 

To address these issues, new developments in nanotechnology pro
vide some exciting possibilities. The use of nanocarriers can bring many 
benefits for the antigen delivery, including efficient antigen-loading 
properties, protection of antigens from in vivo degradation, and a 
spatio-temporal controlled release profile [21,22]. Moreover, the sur
face of nanovaccines consisting of nanocarriers and antigens can be 
equipped with a targeting moiety through physical or chemical conju
gation to achieve targeted delivery [23,24]. Particularly, it is well 
known that mannose receptors belonging to C-type lectin superfamily 
usually have a high expression on the membrane of DCs. When the 
surface of nanovaccine is modified with mannose molecules, nano
vaccine can be efficiently ingested by DCs via the specific binding 

between mannose molecules and mannose receptors so as to remarkably 
increase the antigen utilization [25–28]. Upon being endocytosed, some 
functionalized nanovaccines can promote the escape of antigen from 
lysosomes via the proton sponge effect [29,30] or by structural trans
formation [31]. Consequently, exogenous antigens tend to be processed 
by the MHC I pathway during cross-presentation to provoke the CD8+ T 
cell response. Moreover, toll-like receptor (TLR) 9 agonists, and CpG 
oligodeoxynucleotide (CpG), for instance, can stimulate the secretion of 
proinflammatory cytokines, leading to the helper T cell type 1 (Th1)- 
biased cellular immune response [32,33]. Hence, the codelivery of 
cancer antigen and immunostimulant into DCs can be implemented by 
nano-vehicles, which synergistically motivate marked antitumor im
munity [34]. While many cancer nanovaccines based on CWCAs have 
been investigated, the tedious preparation, poor biosecurity, and low 
efficiency in the immune activation hinder their practical applications 
[35,36]. As a result, novel nanovaccines that can be rationally designed 
and easily constructed, and have a better biocompatibility are needed to 
improve the cancer vaccination strategy. 

Metal-phenolic networks (MPNs) are an array of amorphous and 

Scheme 1. Illustration for a) the preparation of MMOC and MMCC and b) the activation process of cellular immunity by the nanovaccine.  
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porous materials composed of polyphenol molecules and polyvalent 
metal ions [37,38]. By virtue of the simple coordination reaction be
tween phenolic hydroxyl groups and metal ions, nano-sized MPNs can be 
easily and rapidly fabricated [39]. During the self-assembly of MPNs 
nanoparticles, multiple bioactive components can be concurrently 
loaded in order to produce a synergistic, multifarious action [40]. 
Additionally, because the composition of MPNs just contains natural or 
polyethylene glycol (PEG)-derived polyphenols and endogenously 
widespread metal ions (i.e., Fe3+ or Cu2+), they usually exhibit good 
biosafety characteristics and are suitable for in vivo application [41]. 
Especially, dopamine (DA) molecules can be grafted at the tail ends of 
multi-arms PEG polymers, which makes multi-arms PEG have several 
catechol groups. As a result, the catechol group-terminated multi-arms 
PEG can be used as a polyphenol substance to prepare biocompatible 
MPNs. On account of these peculiarities, MPNs as nanocarriers have 
been widely explored for possible use in different cancer treatments, 
such as chemotherapy [42,43], immunotherapy [44,45], radiotherapy 
[46,47], photothermal therapy [48–50], and photodynamic therapy 
[51]. Nevertheless, the applications of MPNs in cancer vaccines are 
rarely seen [52], especially in the DCs-targeted delivery of CWCAs. Ul
timately, an efficient MPNs-based cancer nanovaccine that can elicit a 
robust antitumor immune response is still worthy of a high expectation. 

In this study, we fabricated cancer nanovaccines by employing MPNs 
nanoparticles as the antigen delivery vector. When the MPNs were 
quickly self-assembling, antigen and immunoadjuvant CpG were syn
chronously encapsulated into the nanoparticles whose surface has been 
successfully decorated with mannose. As shown in Scheme 1a, oval
bumin (OVA) and cancer cell membrane proteins (CCMPs) were sever
ally used as the antigen to produce the mannose-modified MPNs 
nanovaccine loaded with OVA and CpG (called MMOC), and the 
mannose-modified MPNs nanovaccine loaded with CCMPs and CpG 
(called MMCC). MMOC and MMCC were readily recognized and 
engulfed by immature DCs (iDCs) through the interaction between 
mannose and mannose receptor. CpG and the antigen cross-presentation 
greatly excited DCs, and then mature DCs (mDCs) moved back to lymph 
nodes and enabled CD8+ T cells via the MHC I pathway (Scheme 1b). 
MMOC was applied to in vitro and in vivo assays to investigate its ability 
to activate antigen-specific cellular immune responses and the efficacy 
on destroying and preventing E.G7-OVA tumors. Moreover, the effec
tiveness of MMCC to suppress 4T1 tumor progression and occurrence 
was further evaluated. This study highlights the potential of a novel 
antigen delivery platform based on MPNs to improve the cancer 
immunotherapy and prevention outcome. 

2. Materials and methods 

2.1. Materials 

Eight arms PEG with N-hydroxysuccinimide esters (8aPEG, tri
pentaerythritol, Mw = 20,000) was purchased from JenKem Technology 
(Beijing, China), and single chain PEG with mannose and amino ter
minals (Man-PEG-NH2, Mw = 2000) was obtained from Ponsure 
Biotechnology (Shanghai, China). Dopamine hydrochloride, triethyl
amine, FeCl3⋅6H2O, tris(hydroxymethyl)aminomethane (Tris), and 
dimethyl formamide (DMF) were provided by Aladdin (Shanghai, 
China). Ovalbumin (OVA) was obtained from Sigma-Aldrich (Shanghai, 
China). CpG oligodeoxynucleotide (TCCATGACGTTCCTGACGTT) and 
CpG-Cy5 were ordered from Sangon Biotech (Shanghai, China). G418, 
β-mercaptoethanol, monensin, and brefeldin A were obtained from 
Yuanye Biotechnology (Shanghai, China). Recombinant murine GM-CSF 
and IL-4 were bought from PeproTech (USA). DNase I, hyaluronidase, 
and Bradford protein assay kit were purchased from Solarbio (Beijing, 
China). Hoechst 33258, DAPI, Lysotracker red, CCK-8 assay kit, and 
collagenase IV were purchased from Yeasen Biotechnology (Shanghai, 
China). Enhanced BCA protein assay kit, Triton X-100, and membrane 
and cytosol protein extraction kit were purchased from Beyotime 

(Shanghai, China). Anti-PD1 antibody was bought from BioXCell (USA). 
Mouse IL-6 (catalog no. 431304), IL-12p70 (catalog no. 433604), TNF-α 
(catalog no. 430904), and IFN-γ (catalog no. 430804) ELISA kits were 
obtained from Biolegend (USA). Anti-mouse MHC II-PE (catalog no. 12- 
5321-82), anti-mouse SIINFEKL-H-2Kb-PE (catalog no. 12-5743-82), 
anti-mouse CD11c-FITC (catalog no. 11-0114-82), anti-mouse CD80- 
PerCP-eFluor 710) (catalog no. 46-0801-82), and anti-mouse CD86-APC 
(catalog no. 17-0862-82) were bought from Invitrogen (USA). Anti- 
mouse Foxp3-PE (catalog no. 126404), anti-mouse CD8a-PE (catalog 
no. 100708), anti-mouse CD25-APC (catalog no. 102012), anti-mouse 
CD3-PerCP/Cy5.5 (catalog no. 100218), anti-mouse CD4-FITC (catalog 
no. 100406), anti-mouse IFN-γ-FITC (catalog no. 505806), Flex-T biotin 
H-2Kb OVA monomer (SIINFEKL) (catalog no. 280051), streptavidin- 
FITC (catalog no. 405201), anti-mouse CD62L-PerCP/Cy5.5 (catalog 
no. 104431), and anti-mouse CD44-APC (catalog no. 156003) were 
purchased from Biolegend (USA). Anti-mouse CD107a-FITC (catalog no. 
Ab24871) was obtained from Abcam (UK). 

2.2. Cell culture and animals 

DC2.4 (catalog no. CL-0545) and 4T1 (catalog no. CL-0007) cells 
were purchased from Procell Life Science&Technology Co., Ltd (Wuhan, 
China), and cultured with RPMI-1640 complete medium containing 10 
% fetal bovine serum (FBS) and 1 % penicillin–streptomycin. E.G7-OVA 
cells (catalog no. CTCC-001–0136) were obtained from MeisenCTCC 
(Panan, China) and cultivated in RPMI-1640 medium containing G418 
(0.4 mg/ml), β-mercaptoethanol (0.05 mM), 10 % FBS, and 1 % pen
icillin–streptomycin. All cells were maintained in a humidified incu
bator at 37 ◦C with 5 % CO2. 

Female BALB/c mice and C57BL/6 mice (6–8 weeks) were bought 
from Hunan SJA Laboratory Animal Co., Ltd (Changsha, China). Mice 
were housed in a room with constant temperature of 25 ± 2 ◦C, relative 
humidity of 40–70 %, and artificial light of 12 h dark-light cycle. All 
mice received attentive care with ad libitum access to food and water. 
All animal experiments were conducted according to the guidelines for 
the Care and Use of Laboratory Animals, and approved by the Ethics 
Committee of Hainan University (approval ID: HNUAUCC-2020-00132). 

2.3. Characterization 

The hydrodynamic particle size and surface zeta potential of samples 
were measured by a Zetasizer Nano ZSE instrument (Malvern, UK). 1H 
NMR spectra were recorded using a nuclear magnetic resonance spec
trometer (Advance 400, Bruker, Germany). Fourier transform infrared 
spectra (FT-IR) were obtained by a FT-IR spectrometer (Frontier, Per
kinElmer, USA). The morphology of nanoparticles was observed by a 
transmission electron microscopy (TEM) (JEM-2100F, JEOL, Japan). 
Flow cytometry analysis was conducted by a flow cytometer (CytoFLEX, 
Beckman, USA). Fluorescent images of cells were taken by a confocal 
laser scanning microscope (CLSM) (TCS SP8, Leica, Germany). The 
absorbance of microplates was recorded by a photometric microplate 
reader (Synergy LX, BioTek, USA). 

2.4. Synthesis of Man-8aPEG-DA and 8aPEG-DA polyphenols 

To obtain 8 arms PEG modified with mannose and dopamine (Man- 
8aPEG-DA), 8aPEG (100 mg) and Man-PEG-NH2 (15 mg) were dissolved 
in 5 mL of anhydrous DMF, and then stirred for 0.5 h under N2 protec
tion. Subsequently, dopamine hydrochloride (7.6 mg) and triethylamine 
(10 μL) were added, and the reaction was carried out for another 8 h at 
room temperature under N2 protection. The mixture was collected and 
dialyzed against deoxygenated H2O, which had been adjusted by HCl to 
pH 4.5, using a dialysis bag with molecular weight cut-off of 3500 Da. 
Finally, the resultant product was lyophilized to get Man-8aPEG-DA. 

The synthesis procedure of 8aPEG-DA with dopamine at tail ends 
was as like as above, but Man-PEG-NH2 was never used throughout. 
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2.5. Preparation of OVA-based nanovaccines 

The synthesized 8aPEG-DA (20 μL, 50 mg/mL), OVA (500 μL, 0.8 
mg/mL), and FeCl3⋅6H2O (300 μL, 3 mg/mL) were mixed together by 
fast vortex. Then, 200 μL of Tris-HCl buffer solution (0.2 M, pH 8.5) 
containing CpG (0.281 mg/mL) was added. After stirred for 30 min, the 
mixture was centrifuged (21,000 rpm, 25 min). The solid at the tube 
bottom was MPNs nanoparticle loaded with OVA and CpG, which was 
named MOC. 

After Man-8aPEG-DA (20 μL, 50 mg/mL), OVA (500 μL, 0.8 mg/mL), 
and FeCl3⋅6H2O (300 μL, 3 mg/mL) were mixed up, 200 μL of Tris-HCl 
buffer solution (0.2 M, pH 8.5) containing CpG (0.198 mg/mL) was 
added. When the reaction was completed, mannose-decorated MPNs 
nanoparticles carrying OVA and CpG (MMOC) were obtained by 
centrifugation (21,000 rpm, 25 min). 

The preparation of mannose-modified MPNs nanoparticles loaded 
with OVA, abbreviated to MMO, was similar with MMOC, except that 
CpG was not used at all. 

At the end of preparation process of various nanovaccines, the su
pernatants were gathered to quantify uncombined OVA and CpG by 
using Bradford protein assay kit and fluorescence spectrophotometer, 
respectively. 

2.6. Acquisition of cancer cell membrane proteins (CCMPs) 

To get CCMPs, well-grown 4T1 cells were harvested and lysed by 
using an ultrasonic cell crusher. The mixture was centrifuged (7000 g, 
10 min) and the precipitate was abandoned. Subsequently, the super
natant underwent centrifugation again (18,000 g, 30 min). CCMPs were 
extracted from the precipitate with a membrane and cytosol protein 
extraction kit. The quantity of CCMPs were measured by an enhanced 
BCA protein assay kit. 

2.7. Preparation of CCMPs-based nanovaccines 

The preparation methods of MPNs nanoparticles loaded with CCMPs 
and CpG (MCC), mannose-decorated MPNs nanoparticles loaded with 
CCMPs and CpG (MMCC), and mannose-decorated MPNs nanoparticles 
loaded with CCMPs (MMC) were similar to MOC, MMOC, and MMO, 
respectively. It was just that CCMPs replaced OVA as antigens. 

2.8. In vitro OVA release behavior of MMOC 

MMOC was ultrasonically dispersed in different buffer solutions, 
including PBS of pH 5.0, PBS of pH 5.0 with 10 mM glutathione, PBS of 
pH 7.4, and PBS of pH 7.4 with 10 mM glutathione, at the OVA con
centration of 400 μg/mL, and then incubated at 37 ◦C with shaking in a 
water bath. At the scheduled time points (1, 2, 4, 8, 12, 16, 24, and 30 h), 
solutions were centrifugated (21,000 rpm, 25 min), and 100 μL of su
pernatants were fetched to quantify released OVA by a Bradford protein 
assay kit. The remaining samples were redispersed and incubated again. 

2.9. In vitro cytotoxicity evaluation 

DC2.4 cells were seeded into 96-well plates at a density of 7 × 103 

cells/well and incubated with complete media for 24 h. Then complete 
media were discarded, and MOC, MMO, and MMOC, which had been 
dispersed in basic media at a series of concentrations (31.3, 62.5, 125, 
250, and 500 μg/mL), were severally transferred to the relevant wells. 
After 24 h treatment, CCK-8 solutions were added and maintained for 
another 2 h. Finally, the absorbance at 450 nm was detected by a 
photometric microplate reader. 

2.10. Hemolysis assay 

Blood was collected from healthy BALB/c mice and put into anti

coagulant tubes. Red blood cells were obtained by centrifugation (3000 
rpm, 15 min). The isolated blood cells (20 μL) were mixed with PBS 
solution, ultrapure H2O, and MMOC solutions with different concen
trations (31.3, 62.5, 125, 250, and 500 μg/mL). After 4 h incubation at 
room temperature, samples were centrifuged (3000 rpm, 15 min). Ab
sorbances of the supernatants at 542 nm were measured and used to 
calculate the hemolysis rate based on the following formula. 

Hemolysis rate (%) = [OD (sample) − OD (PBS)]/[OD (H2O)

− OD (PBS)]

2.11. Synthesis of OVA-FITC and OVA-Cy7 

OVA (20 mg) was dissolved in 10 mL of sodium carbonate solution 
(25 mM, pH 9.8). Then, 0.4 mg of FITC dissolved in DMSO was added. 
The reaction was conducted at room temperature in the dark for 18 h. 
After dialyzed against ultrapure H2O, the solution was lyophilized to get 
FITC-labelled OVA (OVA-FITC). 

OVA (20 mg) dissolved in 20 mL of PBS (50 mM, pH 7.4) was mixed 
with Cy7-NHS (0.4 mg) dissolved in 200 μL of DMSO. After stirred at 
room temperature for 1 h, the mixture was purified with a disposable 
PD-10 column (Sephadex G-25). In the end, Cy7-marked OVA (OVA- 
Cy7) was obtained through lyophilization. 

2.12. In vitro antigen uptake and intracellular co-localization 

DC2.4 cells were seeded into 12-well plates at the density of 1 × 105 

cells/well and cultured for 24 h. Subsequently, free OVA-FITC, MOC, 
MMO, and MMOC were added at the OVA-FITC concentration of 10 μg/ 
mL. After treated for 4 h, cells were collected and processed with flow 
cytometry analysis. 

DC2.4 cells were cultured in CLSM-specific dishes at a density of 2 ×
105 cells per dish for 24 h. Then, OVA-FITC + CpG-Cy5, MOC, MMO, 
and MMOC were added to the corresponding dishes, according to that 
the applied concentrations of OVA-FITC and CpG-Cy5 were 20 μg/mL 
and 4 μg/mL, respectively. After 4 h incubation, cells were washed with 
PBS, fixed with 4 % paraformaldehyde solution, and stained with 
Hoechst 33258 (10 μg/mL). Finally, the intracellular co-localization of 
OVA-FITC and CpG-Cy5 was analyzed by CLSM. 

2.13. In vitro antigen lysosome escape 

DC2.4 cells were seeded in CLSM-specific dishes at a density of 2 ×
105 cells per dish, and treated with OVA-FITC, MOC, MMO, and MMOC 
at an OVA-FITC concentration of 20 μg/mL for 6 h. After washed with 
PBS, cells were stained with Lysotracker red (75 nM) and Hoechst 33258 
(10 μg/mL) in sequence, and then fixed with 4 % paraformaldehyde. 
Finally, samples were observed by CLSM. 

2.14. In vitro BMDCs activation and antigen cross-presentation 

Briefly, bone marrow-derived dendritic cells (BMDCs) were obtained 
from the tibias and femurs of 6-week-old C57BL/6 mice. The cells were 
fostered in RPMI-1640 medium supplemented with 10 % FBS, 1 % 
penicillin–streptomycin, GM-CSF (20 ng/mL), and IL-4 (10 ng/mL). 
After cultivation of 6 days, loosely adherent immature BMDCs were 
collected for further assays. 

To evaluate the maturation of BMDCs, collected cells were seeded in 
12-well plates at a density of 2 × 105 cells/well, and then incubated with 
OVA, MOC, MMO, and MMOC (20 μg/mL OVA) for 16 h. After pro
cessing, cells were stained with anti-CD11c-FITC, anti-CD86-APC, anti- 
CD80-PerCP-eFluor 710, and anti-MHC II-PE. Flow cytometry was per
formed to analyze the mature situation of DCs. The culture media during 
co-incubation of BMDCs with different vaccine formulations were 
collected to ascertain the concentrations of secreted IL-6, IL-12p70, TNF- 
α, and IFN-γ using ELISA detection kits. 
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To estimate the antigen cross-presentation efficiency, collected 
BMDCs were treated with OVA, MOC, MMO, and MMOC like above. 
After the treatment, cells were stained with anti-CD11c-FITC and anti- 
SIINFEKL-H-2Kb-PE, and subsequently analyzed by flow cytometry. 

2.15. Antigen accumulation in lymph nodes 

To quantitatively analyze the antigen arriving in lymph nodes, 
BALB/c mice were randomly divided into 3 groups (n = 3) and subcu
taneously injected with OVA, MOC, and MMOC in the groin, respec
tively. OVA was labelled with FITC and its dosage was 30 μg per mouse. 
After 24 h, mice were sacrificed, and lymph nodes were collected and 
ground to obtain cell suspensions. The cell suspensions were treated by 
an ultrasonic cell disruptor, which was followed by centrifugation. 
Amount of OVA-FITC in the supernatant was determined with the FITC 
fluorescence signals detected by a multifunctional enzyme-linked 
immunosorbent assay (ELISA) reader (TECAN, Infinite 200 pro, 
Switzerland). 

To investigate the visible distribution of OVA labelled with FITC and 
CpG labelled with Cy5 in lymph nodes, BALB/c mice were inguinally 
injected with OVA + CpG, MOC, MMO, and MMOC, respectively, at a 
dose of 50 μg OVA per mouse. After 24 h, mice were euthanized, and 
then inguinal lymph nodes were collected and fixed with 4 % para
formaldehyde. The samples were sliced up by using a cryostat micro
tome (Leica, Germany). After DAPI staining was carried out, the 
distribution of OVA and CpG was observed by an Olympus FV3000 
confocal microscope. 

For in vivo fluorescence imaging, OVA was labelled with Cy7. BALB/c 
mice were subcutaneously administered with free OVA, MOC, and 
MMOC at the tail base (50 μg OVA per mouse). At different time in
tervals (2, 8, 24, and 48 h), mice were observed and photographed by an 
IVIS Lumina XR animal imaging equipment (PerkinElmer, USA). 

2.16. In vivo immune responses 

C57BL/6 mice were randomly assigned into 5 groups (n = 4), 
including PBS, OVA, MOC, MMO, and MMOC. The mice were immu
nized with various vaccine formulations via subcutaneous injection in 
the inguinal region 3 times at 7-day intervals, according to the dosage of 
30 μg OVA and 6 μg CpG per mouse. On day 21, the mice were sacrificed, 
and their inguinal lymph nodes and spleens were harvested to prepare 
single-cell suspensions for further analysis. Sera were collected to 
determine the levels of IL-6, IL-12p70, IFN-γ, and TNF-α using relevant 
ELISA detection kits. 

For DCs activation analysis, the lymphocytes from lymph nodes were 
stained with anti-CD11c-FITC, anti-CD86-APC, anti-CD80-PerCP-eFluor 
710, and anti-MHC II-PE antibodies. For cross-presentation analysis, the 
lymphocytes from lymph nodes were stained with anti-CD11c-FITC and 
anti-SIINFEKL-H-2Kb-PE. 

For T cell activation analysis, harvested splenocytes were stained 
with anti-CD3-PerCP/Cy5.5, anti-CD4-FITC, and anti-CD8a-PE. To 
investigate the activation of OVA-specific CD8+ T cells, splenocytes 
were incubated with Flex-T biotin H-2Kb OVA monomer (SIINFEKL), 
streptavidin-FITC, anti-CD3-PerCP/Cy5.5, and anti-CD8a-PE, according 
to the standard protocol. 

For analyzing the CTLs response, splenocytes were cultured for 6 h in 
RPMI-1640 medium supplemented with OVA (30 μg/mL), monensin (2 
nmol/mL), and brefeldin A (20 nmol/mL). Upon completion of the in
cubation, cells were divided into 2 parts. One part was stained with anti- 
CD3-PerCP/Cy5.5, anti-CD8a-PE, and anti-CD107a-FITC, while the 
other part was stained with anti-CD3-PerCP/Cy5.5, anti-CD8a-PE, and 
anti-IFN-γ-FITC. 

To demonstrate the immune memory response, splenocytes were 
stained with anti-CD4-FITC, anti-CD8a-PE, anti-CD62L-PerCP/Cy5.5, 
and anti-CD44-APC. 

Finally, after washed with PBS, various stained cell samples were 

measured by flow cytometry. 

2.17. In vivo biological safety evaluation 

C57BL/6 mice were randomly divided into 5 groups (n = 4) and 
immunized with various vaccine formulations (PBS, OVA, MOC, MMO, 
and MMOC) 3 times, according to the dosage of 30 μg OVA and 6 μg CpG 
per mouse. On day 21, mice were sacrificed, and main organs (heart, 
liver, spleen, lung, and kidney) and sera were collected. After organs 
were subjected to paraffin embedding, slicing, and H&E staining 
sequentially, the tissue morphostructure was investigated by an inverted 
microscope. In addition, collected sera were tested for biochemical in
dexes, including aspartate aminotransferase (AST), alanine trans
aminase (ALT), L-lactate dehydrogenase (LDH), blood urea nitrogen 
(BUN), creatinine (CREA), and uric acid (UA). 

2.18. Therapeutic study of OVA-based nanovaccines on E.G7-OVA 
tumors 

On day 0, C57BL/6 mice were randomly divided into 5 groups (n =
5) and inoculated with 5 × 105 E.G7-OVA cells per mouse on the right 
flanks. On days 7 and 14, mice were vaccinated with PBS, OVA, MOC, 
MMO, and MMOC according to 30 μg OVA and 6 μg CpG per mouse. 
Body weights and tumor sizes of mice were recorded every 2 days Tumor 
volume was calculated with the formula of V = (L × W2)/2 (V: tumor 
volume, L: tumor length, W: tumor width). On day 18, mice were 
sacrificed, and tumors were collected to be weighted and photographed. 
Immunofluorescence analysis was conducted after tumors were stained 
with Ki67, TUNEL, CD4, CD8, and Foxp3 markers. 

2.19. Prophylactic study of OVA-based nanovaccines on E.G7-OVA 
tumors 

C57BL/6 mice were randomly divided into 5 groups (n = 5), 
including PBS, OVA, MOC, MMO, and MMOC. On days -21, -14, and -7, 
mice were immunized with different vaccine formulations according to 
30 μg OVA and 6 μg CpG per mouse. On day 0, each mouse was sub
cutaneously injected with 5 × 105 E.G7-OVA cells on the right flank. 
Body weight and tumor size of mouse were recorded every 2 days. Once 
the tumor volume reached to 1500 mm3, the mouse was euthanized. On 
day 46, the assay ended and remaining mice were euthanized. 

2.20. Therapeutic study of CCMPs-based nanovaccines on 4T1 tumors 

BALB/c mice were randomly divided into 5 groups (n = 5), including 
PBS, CCMPs, MCC, MMC, MMCC, and MMCC + anti-PD1. On day 0, 
mice were inoculated with 1 × 106 4T1 cells/mouse on the right flanks. 
Immunizations with different vaccine formulations were carried out on 
days 5, 12, and 19, based on 30 μg CCMPs and 6 μg CpG per mouse. In 
the MMCC + anti-PD1 group, 30 μg of anti-PD1 antibody was intrave
nously injected into the tail vein of each mouse on days 6, 10, 13, and 17. 
Body weight and tumor size of mouse were recorded every 2 days. On 
day 22, mice were sacrificed, and spleens and tumors were collected and 
processed into single-cell suspensions for following immune analyses. 

On one hand, immune responses in spleens were evaluated. For T cell 
activation analysis, splenocytes were stained with anti-CD3-PerCP/ 
Cy5.5, anti-CD4-FITC, and anti-CD8a-PE. For regulatory T cells (Tregs) 
analysis, splenocytes were stained with anti-CD4-FITC, anti-CD25-APC, 
and anti-Foxp3-PE. For immune memory analysis, splenocytes were 
stained with anti-CD4-FITC, anti-CD8a-PE, anti-CD62L-PerCP/Cy5.5, 
and anti-CD44-APC. Finally, all stained cell samples were measured by 
flow cytometry. 

On the other hand, tumor-infiltrating lymphocytes were investigated 
by flow cytometry. The tumor tissues were cut into pieces and incubated 
with DNase, collagenase IV, and hyaluronidase for 30 min. Then tissues 
were ground and filtered through a cell strainer (70 μm) to obtain single- 
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cell suspensions. To demonstrate the activation of DCs in tumors, cell 
suspensions were stained with anti-CD11c-FITC, anti-CD86-APC, and 
anti-CD80-PerCP-eFluor 710. For infiltrated T cell analysis, cells were 
stained with anti-CD3-PerCP/Cy5.5, anti-CD4-FITC, and anti-CD8a-PE. 
For regulatory T cells (Tregs) analysis, cells were stained with anti- 
CD4-FITC, anti-CD25-APC, and anti-Foxp3-PE. 

2.21. Prophylactic study of CCMPs-based nanovaccines on 4T1 tumors 

BALB/c mice were randomly divided into 5 groups (n = 5) and 
vaccinated with PBS, CCMPs, MCC, MMC, and MMCC on days -19, -12, 
and -5, respectively, according to 30 μg CCMPs and 6 μg CpG per mouse. 
On day 0, each mouse was inoculated with 1 × 106 4T1 cells on the right 
flank. Body weight and tumor size were recorded every 2 days. Mouse 
was euthanized when its tumor volume exceeded 1500 mm3. On day 42, 
the assay was terminated and remaining mice were euthanized. Tumors 
in every group were collected and treated with Ki67, CD4, CD8, and 
Foxp3 stainings for the immunofluorescence analysis. 

2.22. Statistical analysis 

Data were expressed as the mean ± SD unless specifically indicated. 
Statistical analyses were performed by using one-way ANOVA when 
compared groups were more than two groups. The significance between 
two groups was analyzed by using Student’s t-test. Significant differ
ences were expressed as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001. When the p value was greater than 0.05, it was 
considered to be no significant difference (ns). 

3. Results and discussion 

3.1. Preparation and characterization of MPNs-based nanovaccines 

First of all, 8 arms PEG with N-hydroxysuccinimide esters (8aPEG) 
was chemically modified to engineer terminal-functionalized PEG 
polyphenols, including 8 arms PEG terminated with mannose and 
dopamine (Man-8aPEG-DA) and 8 arms PEG with dopamine terminals 
(8aPEG-DA), as building blocks of MPNs, and their chemical structures 
were verified by the 1H NMR and UV–vis spectra. As shown in Fig. S1, 
characteristic peaks of dopamine at the chemical shifts of 6.42, 6.57, and 
6.63 ppm confirmed that dopamine was successfully grafted on Man- 
8aPEG-DA and 8aPEG-DA. The peaks located from 4.3 ppm to 5.4 

ppm, which could be attributed to the hydrogens of mannose, demon
strated mannose was connected to Man-8aPEG-DA. Based on the peak 
area integration and calculation, on average, 0.6 mannose as well as 6.2 
dopamine molecules were grafted on each Man-8aPEG-DA macromole
cule, and 7.7 dopamine molecules were decorated on each 8aPEG-DA 
macromolecule. Besides, the absorption peak at 280 nm in the UV–vis 
spectra also proved the existence of dopamine in Man-8aPEG-DA and 
8aPEG-DA (Fig. S2). 

Subsequently, PEG polyphenols and Fe3+ self-assembled into MPNs 
nanoparticles through the coordination between phenolic hydroxyl and 
Fe3+, during which period model antigen ovalbumin (OVA) and immune 
adjuvant CpG could be concurrently encapsulated. The nanovaccines 
thus prepared contained mannose-decorated MPNs nanoparticles car
rying OVA and CpG (MMOC), mannose-modified MPNs nanoparticles 
just loaded with OVA (MMO), and MPNs nanoparticles loaded with OVA 
and CpG but without the mannose decoration (MOC). The morphology 
and size distribution of nanovaccines were well investigated by trans
mission electron microscopy (TEM) and dynamic light scattering (DLS). 
As shown in Fig. 1a and Fig. S3, the nanovaccines exhibited a loose 
structure and particle size of about 40 nm. Whereas the average hy
drodynamic sizes of MOC, MMO, and MMOC were 104.8 ± 3.0, 137.3 ±
0.9, and 142.5 ± 1.1 nm (Fig. 1b), respectively, which were larger than 
the particle sizes in TEM images. It was because the MPNs nanoparticles 
tended to relax and keep an extended state in solutions, thus displaying 
larger hydrodynamic sizes. The nanovaccines had narrow polydispersity 
indexes (PDI) (Fig. 1c) and negative zeta potentials (Fig. 1d), indicating 
their favorable dispersion and uniformity. The stability of MMOC was 
further assessed. After MMOC was incubated in the phosphate buffer 
solution (PBS) and fetal bovine serum (FBS) for 5 days, it showed good 
stability without significant change in the particle size (Fig. 1e). The 
addition of ethylene diamine tetraacetic acid (EDTA) caused the MMOC 
solution to fade in color, that is MMOC disintegrated, indicating that 
MPNs was formed through the coordination rather than other in
teractions (Fig. S4). 

The loading of OVA and CpG was qualitatively and quantitatively 
investigated. As shown in Fig. 1f, the characteristic peaks at 1645 and 
1524 cm− 1, which belonged to OVA, demonstrated that OVA was defi
nitely encapsulated into MOC, MMO, and MMOC. Bradford protein 
assay kit and fluorescence spectrophotometer were severally used to 
ascertain the loading amounts of OVA and Cy5-labelled CpG. According 
to the standard curves (Fig. S5), 281.4 μg OVA and 56.2 μg CpG were 
loaded in MOC, 181.2 μg OVA was loaded in MMO, and 198.2 μg OVA 

Fig. 1. Preparation and characterization of MPNs-based nanovaccines. a) TEM image of MMOC. b) Average hydrodynamic particle sizes, c) size distributions, and d) 
zeta potentials of MOC, MMO, and MMOC. e) The particle size change of MMOC incubated in the phosphate buffer solution (PBS) and fetal bovine serum (FBS). f) FT- 
IR spectra of OVA, MOC, MMO, and MMOC. g) Release behaviors of OVA from MMOC in different buffer solutions. 
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and 39.6 μg CpG were loaded in MMOC. The encapsulation efficiencies 
of OVA in MOC, MMO, and MMOC were 70.4 %, 45.3 %, and 49.6 %, 
respectively. The mannose decoration caused that the quantity of 
dopamine molecules in Man-8aPEG-DA was less than that in 8aPEG-DA. 
As a result, 8aPEG-DA was easier to assemble into MOC and encapsu
lated more OVA, while Man-8aPEG-DA with less dopamine was more 
difficult to form MMO and MMOC and loaded with less OVA. Fluores
cence analysis indicated that the encapsulation efficiency of CpG in both 
MOC and MMOC was 100 %. The OVA release behavior in different 
circumstances was examined to evaluate the ability of MMOC to release 
antigen in a controlled manner. After MMOC was maintained under pH 
5.0 and pH 7.4 with glutathione (GSH) for 1 h, the percentages of 
released OVA reached 55.5 % and 43.8 %, respectively (Fig. 1g). For 
comparison, only 23.2 % of OVA was released in the pH 7.4 group. At 
the timepoint of 30 h, released OVA in the groups of pH 7.4, pH 7.4 with 
GSH, and pH 5.0 severally accounted for 42.3 %, 76.8 %, and 85.3 %. 
Additionally, in the presence of both pH 5.0 and GSH, OVA more quickly 
dissociated from MMOC. These results revealed that MMOC possessed 
acidity and GSH sensitivities. In the condition of pH 5.0, phenolic hy
droxyl anions could recover to phenolic hydroxyl, which greatly weak
ened the coordination ability of phenolic hydroxyl groups and broke the 
structure of MPNs. Moreover, GSH could competitively chelate to Fe3+, 
leading to the rupture of coordinate bond between Fe3+ and phenolic 
hydroxyl anions. Therefore, both acidity and GSH could cause the 
disassembly of MPNs and promote the antigen release. Given the acidic 
lysosome and GSH-plentiful cytoplasm, MMOC was rationally antici
pated to achieve the intelligent intracellular delivery of antigens. 

3.2. In vitro evaluations of cytotoxicity, antigen uptake, and intracellular 
co-localization 

Prior to various cellular assays, we assessed the cytotoxicity of 
nanovaccines fabricated in this study. After DC2.4 cells were treated 
with MOC, MMO, and MMOC for 24 h, the cell viability was determined 
by the CCK-8 assay. As shown in Fig. 2a, a distinct decrease of cell 
viability in every group could not be observed until the concentration 
arrived at 250 μg/mL. Even up to the high concentration of 500 μg/mL, 
cell viabilities in the groups of MOC, MMO, and MMOC, remained to be 
73.3 %, 76.0 %, and 83.2 %, respectively. There was no significant he
molysis when the concentration of MMOC was between 31.3 μg/mL and 
125 μg/mL (Fig. 2b and Fig. S6). The hemolysis rate at the concentration 
of 500 μg/mL was only 4.8 %. This result was well in agreement with the 
CCK-8 assay, showing the extremely low cytotoxicity of nanovaccines. It 
could owe the good biocompatibility to the harmfulless components of 
nanovaccines, such as PEG, Fe3+, dopamine, OVA, and CpG. Afterwards, 
the intracellular antigen delivery efficiency of nanovaccines was eval
uated. It has been widely reported that nanocarriers can improve the 
antigen uptake of APCs availably by the targeted delivery, increased 
recognition, and charge interaction. Accordingly, DC2.4 cells were used 
to evaluate the antigen endocytosis efficiency under the delivery func
tion of MPNs nanovaccines. It can be seen that the mean fluorescence 
intensities (MFI) of OVA-FITC in the groups of MOC, MMO, and MMOC 
were obviously higher than that in the free OVA group (Fig. 2c), which 
indicated MPNs nanoparticles effectively promoted the OVA ingestion 
by DC2.4 cells through increasing the recognition size. Especially, 
MMOC exhibited the highest intracellular antigen delivery efficiency 
due to the mannose and mannose receptor-mediated endocytosis, which 
was confirmed by flow cytometry results (Fig. 2d and Fig. S7). 
Furthermore, the confocal laser scanning microscopy (CLSM) was 
employed to visually explore the intracellular location of OVA-FITC and 
CpG-Cy5 (Fig. 2e). Strong green and red fluorescence signals could be 
observed in the images of the MMOC group, demonstrating that MMOC 
indeed concurrently delivered both OVA and CpG into the same cell in 
an efficient way. 

3.3. In vitro antigen lysosome escape, cross-presentation, and BMDCs 
activation 

The critical point of exogeneous antigen inducing a mighty cellular 
immunity is that the antigen escapes from the siege of lysosome, so that 
exogeneous antigen can be processed by proteasome and further pre
sented to T cells in the MHC I pathway. In consequence, we assessed the 
effect of nanovaccines on causing the antigen lysosome escape. As 
shown in Fig. 2f, lots of green fluorescence signals were external to the 
red fluorescence signals in the MMO and MMOC groups, indicating that 
MMO and MMOC effectively accelerated the separation of OVA from 
lysosomes and increased the efficiency of lysosomal escape. The 
phenolic group anions in MPNs nanoparticles could absorb hydrogen 
ions to restore to neutral phenolic groups, which imparted a buffering 
ability to MPNs nanoparticles so as to facilitate the rupture of lysosome 
via the proton sponge effect [53] and lead to the escape of OVA into 
cytoplasm. As a comparison, it revealed fewer green signals in the MOC 
group, which resulted from the low uptake of DC2.4 cells on MOC. The 
dual expressions of CD80 and CD86 can be viewed as the sign of DCs 
maturation. The proportion of CD80 and CD86 double positives in the 
MMOC group reached 44.2 %, which was significantly higher than those 
in the other groups (Fig. 2g and Fig. S8). It was precisely because MMOC 
delivered more OVA and CpG into BMDCs, and consequently BMDCs 
were greatly stimulated. The higher intracellular OVA accumulation, 
caused by MMOC, also motivated the highest MHC II expression on 
BMDCs among various groups (Fig. 2h and Fig. S9). In agreement with 
the result of antigen lysosome escape assay, both MMO and MMOC 
notably promoted the antigen cross-presentation efficiency. As such, 
OVA was processed into antigen peptide (SIINFEKL) and then presented 
in the MHC I route, which was verified by detecting the expression of 
SIINFEKL-H-2Kb. The proportions of SIINFEKL-H-2 Kb positive in the 
MMO and MMOC groups were 5.9 % and 6.1 %, respectively, with being 
significantly higher than those in the other groups (Fig. 2i and Fig. S10). 
Moreover, the measurement of proinflammation cytokines, containing 
IL-6, IL-12, TNF-α, and IFN-γ, secreted by BMDCs also demonstrated that 
MMOC effectively advanced the BMDCs activation and would probably 
elicit noticeable cellular immune responses (Fig. 2j-m). Due to the 
mannose-mediated endocytosis, MMOC could deliver more OVA and 
CpG into BMDCs than MOC. More intracellular OVA and CpG could 
largely motivate BMDCs and promote the MHC I antigen presentation. 
Accordingly, MMOC induced BMDCs to secrete higher cytokine levels 
than MOC. 

3.4. Antigen accumulation and DCs activation in lymph nodes 

Once the nanovaccine is captured by DCs, DCs will carry antigen to 
homing back to lymph nodes and initiate a cascade of following immune 
responses. Hence, the in vivo fluorescence imaging was conducted to 
study the arrival of OVA marked with Cy7 to lymph nodes (Fig. 3a). 
Although the signal of OVA-Cy7 at the inguinal lymph node in the OVA 
group could be found at 8 h, it disappeared at 24 and 48 h, implying the 
rapid clearance of body on free OVA. In contrast, there was still a strong 
fluorescence signal around the position of inguinal lymph node at 48 h 
in the MMOC group, which was derived from the efficient uptake of 
MMOC by DCs through the mannose-mediated endocytosis. To visibly 
display the distribution of OVA-FITC and CpG-Cy5 in the lymph node, 
inguinal lymph nodes were collected post vaccination, sliced, and 
observed using a confocal microscope. In Fig. 3b, it shows weak signals 
of OVA-FITC (green) and CpG-Cy5 (red) in the OVA + CpG and MOC 
groups, while the strong green signal of OVA-FITC could be seen in the 
MMO and MMOC groups. Moreover, a distinct red fluorescence signal of 
CpG-Cy5 also appeared in the MMOC group, demonstrating MMOC 
notably promoted the synchronous accumulation of OVA and CpG in the 
lymph node. The quantitative analysis was further carried out to 
ascertain the number of OVA in the lymph node. Fig. 3c reveals that the 
amounts of OVA in the inguinal lymph nodes of OVA, MOC, and MMOC 
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Fig. 2. In vitro cellular assays. a) Cell viability of DC2.4 cells treated by MOC, MMO, and MMOC. b) Hemolysis assessment on MMOC. c) Mean fluorescence intensity 
(MFI) and d) flow cytometry plots of DC2.4 cells incubated with various OVA-FITC-based vaccine formulations. e) Confocal laser scanning microscopy (CLSM) images 
for intracellular co-localization of OVA-FITC (green) and CpG-Cy5 (red). Scale bar represents 20 μm. f) CLSM images for the analysis of antigen lysosome escape 
effect. Scale bar represents 20 μm. The expressions of g) CD80 and CD86, h) MHC II, and i) SIINFEKL-H-2Kb on BMDCs treated with different vaccine formulations 
(gated on CD11c+ DCs). The cytokine levels of j) IL-6, k) IL-12, l) TNF-α, and m) IFN-γ secreted by BMDCs. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
The ns means not significant. 
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groups were 2.1, 9.0, and 11.4 μg, respectively, which was consistent 
with the results of above imaging assays. In addition, the activation of 
DCs in lymph nodes was investigated. The highest dual-expression of 
CD80 and CD86 on CD11c+ cells in the MMOC group indicated that 
MMOC greatly excited DCs (Fig. 3d). Besides, MMOC simultaneously 
enhanced the MHC I and MHC II presentations of OVA (Fig. 3e,f). These 
results demonstrated that MMOC was efficiently captured by DCs via the 
mannose-mediated endocytosis and then significantly excited DCs, 
which would conduce to eliciting a strong immune response. 

3.5. In vivo immune responses and biocompatibility 

As shown in Fig. 4a, after C57BL/6 mice were immunized with 
various vaccine formulations 3 times, splenocytes were harvested to 
investigate the T cell response. Given that CD4+ T cells play an impor
tant role in regulating adaptive immunity and CD8+ T cells are the main 
effector T cells during the cellular immune response, we measured the 
proliferation situation of CD4+ and CD8+ T cells in spleens. The fre
quencies of CD4+ and CD8+ T cells in the MMOC group were 17.1 % and 
28.2 %, respectively, which were significantly higher than those in the 
other groups, indicating that MMOC induced a strong T cell-mediated 
adaptive immunity (Fig. 4b-e). Remarkably, the proportion of 
SIINFEKL-H-2Kb tetramer+CD8+ T cells in the MMOC group presented a 
2.5-fold increase when compared with that in the OVA group (Fig. 4f 

and Fig. S11). It revealed that MMOC provoked a significant antigen- 
specific CD8+ T cell proliferation, which could be attributed to the 
enhanced MHC I-involved cross-presentation triggered by MMOC. 
Because CTLs are the main force that directly destroys tumor cells, the 
CTLs response was further evaluated. After splenocytes were re- 
stimulated by OVA, the frequencies of CD107a+CD8+ and IFN-γ+CD8+

T cells in the MMOC group were 1.8- and 3.0-fold higher than those in 
the OVA group, respectively (Fig. 4g,h and Fig. S12-13). It demonstrated 
MMOC induced a potent antigen-specific CTLs response that would 
effectively depress the tumor growth. The cytokine levels of TNF-α, IFN- 
γ, IL-12, and IL-6 in the MMOC group were significantly higher than 
those in the other groups, which also proved MMOC elicited a Th1- 
inclined cellular immunity (Fig. 4i-l). Moreover, the essential function 
of cancer vaccine is to build an immune memory barrier that can timely 
attack the neogenetic tumor cell carrying the same antigen. Especially, 
the effector memory T cell that can react quickly upon encountering the 
same antigen is an important part of the immune memory system. 
Compared with other vaccine formulations, MMOC activated more 
CD4+ and CD8+ effector memory T (TEM) cells, indicating that MMOC 
has established a reliable immune memory effect (Fig. 4m,n and 
Fig. S14). 

In addition, the biological safety of nanovaccines was assessed. Main 
organs, including heart, liver, spleen, lung, and kidney, and sera were 
collected from C57BL/6 mice vaccinated with various vaccine 

Fig. 3. Evaluations of antigen accumulation and DCs activation in lymph nodes. a) In vivo fluorescence imaging at different times after mice were subcutaneously 
injected with OVA, MOC, and MMOC at the tail base. OVA was labelled with Cy7. b) Distribution of OVA-FITC and CpG-Cy5 in the slices of inguinal lymph nodes that 
were collected at 24 h after mice were injected with various vaccine formulations. Cell nuclei were stained with DAPI. Scale bar is 400 μm. c) The quantities of OVA- 
FITC in lymph nodes after mice were injected with various vaccine formulations. The expressions of d) CD80 and CD86, e) SIINFEKL-H-2Kb, and f) MHC II on DCs 
harvested from the mice that were immunized with different vaccine formulations (gated on CD11c+ cells). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. The ns means not significant. 
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formulations three times. Compared with the control group, MOC, 
MMO, and MMOC did not cause distinguishable histopathological ab
normalities based on the H&E section analysis (Fig. 4o). The main 
biochemical indexes in sera of various groups were basically at normal 
levels (Fig. S15). These results demonstrated that the nanovaccines 
prepared in this study had an excellent biocompatibility in vivo. 

3.6. Therapeutic and prophylactic effects on E.G7-OVA tumors 

Encouraged by the notable MMOC-instigated cellular immunity, the 
specific antitumor capacity of MMOC on the E.G7-OVA tumor was 
studied. As shown in Fig. 5a, C57BL/6 mice were inoculated with E.G7- 
OVA tumor cells, whereafter vaccinated with various vaccine formula
tions 2 times. Tumor sizes and body weights were measured every 2 
days, and finally tumors were collected after mice were sacrificed on day 
18. The suppression effect of MOC, MMO, and MMOC on tumors was 
obviously superior to PBS and OVA, leading to a slower growth of tumor 
volumes (Fig. 5b and Fig. S16). In the end of therapeutic trial, the 
average tumor volume in the MMOC group was the smallest among all 
groups, which could be ascribed to the mighty OVA-specific CTLs 
response motivated by MMOC. Correspondingly, the average tumor 
weight in the MMOC group also presented to be the smallest (Fig. 5c). 
Additionally, body weights of mice in each group showed minor changes 
and located within the normal range all the time (Fig. 5d). The photo
graph of tumors obtained from the mice of various groups reveals that 
tumors in the MMOC group had the smallest sizes (Fig. 5e), which was 
consistent with the results of tumor volume and tumor weight. Images of 
tumor slices stained with Ki67, TUNEL, CD4, CD8, and Foxp3 markers 
show that there was a weak tumor cell proliferation, a significant cell 
apoptosis, more infiltrating CD4+ and CD8+ T cells, and fewer regula
tory T cells (Tregs) in the MMOC group (Fig. 5f). These results indicated 
MMOC markedly intensified the antitumor cellular immunity in the 
tumor sites, so as to bring about the death of tumor cells and inhibit the 
tumor development. 

As shown in Fig. 5g, after C57BL/6 mice have been immunized with 
different vaccine formulations 3 times, they were inoculated with E.G7- 
OVA cells to investigate the prevention effect of nanovaccines on newly 
emerging tumors. Once the tumor volume arrived at 1500 mm3, the 
mouse was euthanized. Strikingly, the tumor growth was greatly 
retarded by virtue of the vaccination of MOC, MMO, and MMOC 
(Fig. 5h). In particular, it should be noted that 3 mice in the MMOC 
group did not grow tumor all through the assay, confirming the admi
rable preventing ability of MMOC. The survival rate curves in Fig. 5i 
display that 2 mice in the PBS group died as early as day 20, while none 
of mice in the MMOC group met the death criteria until day 32. On day 
46, survival percentages in the groups of PBS, OVA, MOC, and MMO 
were all 0, however, the livability of the MMOC group was maintained at 
60 %. These results demonstrated MMOC could effectively avoid the 
formation of tumors by means of evoking tumor-specific immune 
memory responses. Body weights of mice in every group showed small 
fluctuations and were still in the normal range (Fig. 5j). 

3.7. Therapeutic and prophylactic effects on 4T1 tumors 

To investigate the versatility of MPNs-based nanovaccines, CCMPs 
originating from 4T1 cell membranes were used as antigens to fabricate 
3 nanovaccines, including mannose-modified MPNs nanoparticles 
loaded with CCMPs and CpG (MMCC), mannose-modified MPNs 

nanoparticles just loaded with CCMPs (MMC), and MPNs nanoparticles 
carrying CCMPs and CpG but without the mannose decoration (MCC). 
Through the BCA protein measurement assay, loading quantities of 
CCMPs in MCC, MMC, and MMCC were 195.6, 163.2, and 170.3 μg, 
respectively, and corresponding encapsulation efficiencies were sever
ally 48.9 %, 40.8 %, and 42.6 % (Fig. S17). Thus, the loading situation of 
CCMPs was similar to that of OVA, which exhibited the versatility of 
MPNs nanoparticles as antigen carriers. TEM image and DLS result show 
that MMCC had a small particle size and narrow size distribution 
(Fig. S18-19). The release profiles of CCMPs in different conditions were 
tested. As shown in Fig. S20, the presence of both pH 5.0 and GSH 
notably accelerated the release of CCMPs from MMCC, which could be 
ascribed to the dual sensitivities of MPNs. Accordingly, MMCC had the 
ability of controllably releasing CCMPs in the cytoplasm so as to increase 
the use efficiency of antigens. 

After 4T1 tumor models were established, various administrations 
were carried out by complying with the schedule (Fig. 6a). Above results 
of immunization assays demonstrated that the nanovaccine prepared in 
this study could notably activate antigen-specific CTLs. But, PD-1 of 
CTLs that is usually viewed as a negative immunoregulatory molecule 
will bind to PD-L1 highly expressed on tumor cells, which disables CTLs 
to limit the effectiveness of tumor immunotherapy. Hence, the PD1 
antibody (anti-PD1) was used to blockade the tumor immune escape 
pathway of PD1/PD-L1, so as to enhance the immunotherapy efficacy in 
combination with cancer nanovaccine. Compared with PBS and un
combined CCMPs, the engineered nanovaccines of MCC, MMC, and 
MMCC evidently inhibited the progression of tumors (Fig. 6b and 
Fig. S21). Rationally, the joint usage of anti-PD1 exerted additional 
therapeutic benefits on 4T1 tumors. Body weights of the mice in various 
groups fluctuated slightly (Fig. 6c). On day 22, the mice were sacrificed, 
and meanwhile spleens and tumors were collected for the immune 
analysis. CD4+ (Fig. 6d,e) and CD8+ (Fig. 6f,g) T cells were found to be 
highly present in the spleens of MMCC and MMCC + anti-PD1 groups, 
indicating MMCC stimulated strong helper and effector T cells responses 
in the tumor-bearing mice. In the meantime, the high proliferation of 
CD4+ and CD8+ TEM cells, triggered by MMCC, would help to resist the 
tumor recurrence and metastasis (Fig. 6h,i and Fig. S22-23). It was 
worth noting that the frequencies of Tregs (CD4+CD25+Foxp3+ cells) in 
the MMCC and MMCC + anti-PD1 groups were 18.3 % and 10.4 %, 
respectively, which were significantly lower than those in the PBS and 
CCMPs groups (Fig. 6j,k). It demonstrated that MMCC led to a weaker 
negative immune regulation while activating a stronger cellular im
munity. The high frequencies of CD80+CD86+ DCs in the tumors of 
MMCC and MMCC + anti-PD1 groups revealed that the immune system 
was indeed primed in the tumor microenvironment (Fig. 6l,m). More 
tumor-infiltrating CD4+ and CD8+ T cells resulting from MMCC (Fig. 6n- 
q), in conjunction with the immune checkpoint blockade of anti-PD1, 
were bound to vastly destroy tumor cells. On the contrary, fewer 
Tregs were present in the tumors of MMCC + anti-PD1 group (Fig. 6r and 
Fig. S24), which signified the immune-activated state of tumor micro
environment and improved the immunotherapy performance. 

Additionally, the prevention efficacy on 4T1 tumors was evaluated 
after the BALB/c mice were immunized with CCMPs-based nano
vaccines 3 times (Fig. 7a). Fig. 7b reveals that the vaccination of MCC, 
MMC, and MMCC obviously postponed the development of 4T1 tumors. 
Particularly, the tumors in the MMCC group were all in a slow-growing 
condition. On day 42 post the 4T1 cells inoculation, survival rates in the 
groups of PBS, CCMPs, MCC, MMC, and MMCC were 0, 0, 0, 20 %, and 

Fig. 4. In vivo immune responses and biocompatibility (n = 4). a) Schematic illustration for the immunization assay. b) Flow cytometry plots and c) analysis of 
CD3+CD4+ T cells in various groups (gated on splenocytes). d) Flow cytometry plots and e) analysis of CD3+CD8+ T cells in various groups (gated on splenocytes). 
The proportions of f) SIINFEKL-H-2Kb tetramer+CD8+, g) CD107a+CD8+, and h) IFN-γ+CD8+ T cells in spleens (gated on CD3+ T cells). The cytokine levels of i) TNF- 
α, j) IFN-γ, k) IL-12, and l) IL-6 in sera. Flow cytometry plots of m) CD4+ effector memory T cells (gated on CD4+ cells) and n) CD8+ effector memory T cells (gated on 
CD8+ cells) in spleens. o) H&E images of main organs (heart, liver, spleen, lung, and kidney) harvested from the mice immunized with various vaccine formulations. 
Scale bar represents 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. The ns means not significant. 
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Fig. 5. In vivo antitumor challenge (n = 5). a) Schedule for the therapeutic trial on E.G7-OVA tumors. b) Tumor volume curves in different groups varying with time. 
c) Weights of tumors collected from the mice of various groups at the end of treatment. d) Body weights of mice varying with time. e) Photograph of tumors obtained 
from the mice in various groups at the end of treatment. f) Images of dissected tumors stained with Ki67, TUNEL, CD4, CD8, and Foxp3 markers. Scale bar represents 
100 μm. g) Schedule for the preventive trial on E.G7-OVA tumors. h) Tumor volumes of mice in different groups varying with time. i) Survival rates of various groups 
varying with time. j) Body weights of mice varying with time. **p < 0.01 and ****p < 0.0001. 
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100 %, respectively (Fig. 7c). These results verified the splendid pre
vention capability of MMCC on 4T1 tumors. The vaccination of MMCC 
provoked a 4T1 tumor cell-specific immune response and memory effect 
by the targeted delivery of CCMPs to DCs, so that the mice could resist 

the occurrence of 4T1 tumors. Body weights in various groups scarcely 
changed over the 26 days (Fig. 7d), which revealed the excellent 
biosafety of MPNs nanovaccines. As shown in Fig. 7e, the proliferation 
activity of 4T1 tumor cells was dramatically depressed, and lots of CD4+

Fig. 6. In vivo treatment assessment on 4T1 tumors (n = 5). a) Schematic illustration for the therapeutic trial on 4T1 tumors. b) Tumor growth curves over time. c) 
Body weights of mice varying with time. d) Flow cytometry analysis and e) plots of CD3+CD4+ T cells in spleens (gated on splenocytes). f) Flow cytometry analysis 
and g) plots of CD3+CD8+ T cells in spleens (gated on splenocytes). Proportions of h) CD4+ TEM cells (gated on CD4+ cells) and i) CD8+ TEM cells (gated on CD8+

cells) in spleens. j) Frequencies and k) flow cytometry graphs of Tregs in spleens (gated on CD4+ cells). l) Flow cytometry analysis and m) plots of CD80+CD86+ DCs 
in tumors (gated on CD11c+ cells). n) Flow cytometry graphs and o) analysis of CD3+CD4+ T cells in tumors. p) Flow cytometry graphs and q) analysis of CD3+CD8+

T cells in tumors. r) Percentages of Tregs in tumors (gated on CD4+ cells). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. The ns means not significant. 
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and CD8+ T cells and few Tregs infiltrated the tumor tissues in the 
MMCC group. It was precisely because MMCC induced an abundance of 
tumor-infiltrating CD4+ and CD8+ T cells that showed an effective 
killing effect on tumor cells, the growth of 4T1 tumors was greatly 
limited. 

4. Conclusion 

In this work, we propose a strategy for using MPNs nanoparticles as 
the antigen delivery platform to construct cancer nanovaccines. During 
the facile and rapid self-assembly of MPNs nanoparticles, antigen and 
CpG were simultaneously encapsulated. By taking advantage of the 
mannose-mediated endocytosis, the MMOC nanovaccine, carrying OVA 
and CpG, was efficiently ingested and notably activated BMDCs. The in 
vivo immunization assays show that MMOC had an excellent biocom
patibility and could significantly evoke robust antigen-specific cellular 
immunity, the CTL response, and an immune memory effect. Therefore, 
MMOC performed a great efficacy in treating and preventing E.G7-OVA 
tumors. Furthermore, the all-purpose MPNs nanocarriers could also be 
loaded with 4T1 cell-derived CCMPs and CpG to prepare the MMCC 
nanovaccine. Therapeutic and prophylactic effects of MMCC on 4T1 
tumors were also tested and the positive outcome of this strategy was 
demonstrated as well. Overall, MPNs-based cancer nanovaccines show a 
great versatility and potential for cancer immunotherapy and 

prevention. 
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