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Background and Aim: We have previously identified ubiquitinated proteins (UPs) from

tumor cell lysates as a promising vaccine for cancer immunotherapy in different mouse

tumor models. In this study, we aimed at developing a highly efficient therapeutic adjuvant

built-in nanovaccine (α-Al2O3-UPs) by a simple method, in which UPs from tumor cells

could be efficiently and conveniently enriched by α-Al2O3 nanoparticles covalently coupled

with Vx3 proteins (α-Al2O3-CONH-Vx3).

Methods: The α-Al2O3 nanoparticles were modified with 4-hydroxybenzoic acid followed

by coupling with ubiquitin-binding protein Vx3. It was then used to enrich UPs from 4T1

cell lysate. The stability and the efficiency for the UPs enrichment of α-Al2O3-CONH-Vx3

were examined. The ability of α-Al2O3-UPs to activate DCs was examined in vitro subse-

quently. The splenocytes from the vaccinated mice were re-stimulated with inactivated tumor

cells, and the IFN-γ secretion was detected by ELISA and flow cytometry. Moreover, the

therapeutic efficacy of α-Al2O3-UPs, alone and in combination with chemotherapy, was

examined in 4T1 tumor-bearing mice.

Results: Our results showed that α-Al2O3-UPs were successfully synthesized and abundant

UPs from tumor cell lysate were enriched by the new method. In vitro study showed that

compared to the physical mixture of α-Al2O3 nanoparticles and UPs (α-Al2O3+UPs), α-Al2
O3-UPs stimulation resulted in higher upregulations of CD80, CD86, MHC class I, and MHC

class II on DCs, indicating the higher ability of DC activation. Moreover, α-Al2O3-UPs

elicited a more effective immune response in mice, demonstrated by higher IFN-γ secretion

than α-Al2O3+UPs. Furthermore, α-Al2O3-UPs also exhibited a more potent effect on tumor

growth inhibition and survival prolongation in 4T1 tumor-bearing mice. Notably, when in

combination with low dose chemotherapy, the anti-tumor effect was further enhanced, rather

than using α-Al2O3-UPs alone.

Conclusion: This study presents an adjuvant built-in nanovaccine generated by a new

simple method that can be potentially applied to cancer immunotherapy and lays the

experimental foundation for future clinical application.

Keywords: ubiquitinated proteins, alumina nanoparticles, cancer vaccine, combination

therapy

Introduction
Cancer immunotherapy has been ranked as one of the most exciting and popular

cancer therapies due to its effectiveness and superiority in clinical trials over recent

years.1,2 Compared to the traditional cancer treatments of surgery, radiation, and

chemotherapy, immunotherapy exhibits the advantages of less adverse effects and
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more targeted ability.3,4 Immunotherapy includes a variety

of treatments such as cancer vaccines, monoclonal antibo-

dies, gene therapies, immune checkpoint blockades, adop-

tive cell therapy, and so on.1,5 Among them, therapeutic

cancer vaccines are receiving more and more attention

attributing to the recent success stories in the clinical

treatment of tumors.6–9

Therapeutic cancer vaccines are medicines that treat

cancers by training the immune system to recognize and

attack cancer cells.10 Thus, tumor-associated antigens

(TAAs) which induce specific cytotoxic T lymphocytes

(CD8+ CTL) immune response are the vital components

of cancer vaccines.7 However, the poor immunogenicity

and low response rate of TAAs limit the effectiveness of

common clinical cancer vaccines.8,11 There is an urgent

need to develop vaccines that contain abundant and broad-

spectrum TAAs for effective cancer immunotherapy.12

Recent studies have confirmed that DRibbles (defective

ribosomal products-containing blebs) isolated from tumor

cells with the induction of autophagy and inhibition of

lysosomal/proteasomal activity are sufficient to stimulate

dramatic T-cell activation and kill carcinoma cells in dif-

ferent tumor models such as melanoma, lung cancer,

breast cancer and liver cancer.13–19 Moreover, we have

demonstrated that ubiquitinated proteins (UPs) are the

critical TAA source of DRibbles which induce the anti-

tumor efficacy. Therefore, different strategies for UPs

enrichment have been developed to achieve a clinically

safe, simply made, and environment-friendly vaccine with

enhanced antitumor immune response.19–21

In our previous studies, we enriched UPs from tumor

cells after proteasome inhibition by Ni-NTA agarose beads

conjugated with ubiquitin-binding protein Vx3. We found

that the UPs have the ability to be an effective cancer

vaccine. Nevertheless, those UPs are lack of highly immu-

nogenic and the approach is time-consuming.19,20 To opti-

mize the therapeutic vaccine based on UPs, a CONH

linker was applied in this study to couple Vx3 protein to α-
Al2O3 nanoparticles to generate Vx3-conjugated α-Al2O3

nanoparticles (denoted as α-Al2O3-CONH-Vx3), which

enriched UPs from 4T1 cancer cell lysate (α-Al2O3-

CONH-Vx3-UPs, denoted as α-Al2O3-UPs) by a single

centrifugation step. By using α-Al2O3-CONH-Vx3, Vx3

pulls UPs out of tumor cell lysate like a fishhook, and α-
Al2O3 functions as an immune adjuvant to enhance the

immunogenicity of UPs. The results showed this strategy

enriched UPs more efficiently and conveniently, and the

vaccine had more potent antitumor efficacy than α-Al2O3

mixed with UPs. The anti-tumor efficacy of α-Al2O3-UPs

combined with chemotherapy was also investigated in this

study.

Materials and Methods
Mice
Specific pathogen-free female BALB/c mice (6–8 weeks old)

were purchased from the Comparative Medicine Center,

Yangzhou University (Yangzhou, China). This study has

been approved by the Institutional Animal Care and

Welfare Committee of Southeast University. The animal

welfare guidelines of the Institutional Animal Care and

Welfare Committee of Southeast University were strictly

followed.

Cell Culture
4T1 cells were kindly provided by Dr. Hong-Ming Hu

(Providence Portland Medical Center, USA) and cultured in

RPMI-1640 (HyClone) with 10% heat-inactivated fetal

bovine serum (FBS; Gibco) and 50 μg/mL gentamicin

(Lonza). The use of the gifted cells was approved by the

institutional ethics committee. Bone marrow-derived dendri-

tic cells (BMDCs) were generated according to previous

literature.22 Briefly, bone marrow cells were prepared from

the femurs and tibias of female BALB/c mice, then cultured

in RPMI 1640 supplemented with 10% FBS, 50 μg/mL

gentamicin, recombinant mouse GM-CSF (20 ng/mL;

PeproTech) and recombinant mouse IL-4 (10 ng/mL;

PeproTech). BMDCs were harvested by cell lifters on day 7

and used for subsequent experiments. All cells were cultured

at 37°C in a humidified incubator with 5% CO2.

Expression and Purification of Vx3

Protein
Vx3 protein was expressed and purified based on our

previous work.19,20 In brief, pUbiG101-Vx3(A7)-eGFP

expressing plasmid was introduced into E. coli DH5-α
competent cells (Invitrogen) to induce the expression of

His-Vx3-eGFP fusion protein. Next, cells were harvested

and treated with lysozyme (Sigma). After sonication and

centrifugation, supernatant containing Vx3 proteins was

purified using Ni-NTA agarose beads at 4°C overnight.

Beads were washed 3 times with native washing buffer

and the purified Vx3 protein was eluted by native elution

buffer (Figure S1). The protein concentration of Vx3 was

quantified by Bradford Protein Assay Kit (Beyotime

Biotechnology) according to the manufacturer’s protocol.
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Surface Modification of α-Al2O3 and

Generation of α-Al2O3-CONH-Vx323–25

1 mg α-Al2O3 nanoparticles (Sigma) and 5 mg

4-Hydroxybenzoic acid (Sigma) were dissolved in 50 mL

deionized water and stirred in an oil bath at 90°C for 2 hrs,

followed by centrifugation andwashingwith deionizedwater 3

times. Subsequently, 0.667 mL 1-butanol (Aladdin) was used

to block the surface residual hydroxyl groups of the products in

deionized water (50 mL). The reaction process was performed

in an oil bath at 90°C under stirring for 2 hrs followed by

washing with deionized water 3 times. Then, the product was

reacted with 50 mM N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC; Sigma) and 100 mM

N-hydroxysuccinimide (NHS; Sigma) in phosphate-buffered

saline (PBS; pH 7.2) and stirred at room temperature for 2 hrs

followed by washing with PBS 3 times. The obtained product

through the above steps was named as α-Al2O3-COOH.

Surface modification of α-Al2O3 nanoparticles was further

confirmed by Fourier Transform Infrared Spectrometer

(FTIR) (Nicolet iS10, Thermo Fisher). After that, the product

was mixed with Vx3 proteins at 4°C overnight. After washing

with PBS 3 times, the obtained α-Al2O3-CONH-Vx3was then

centrifugated and harvested (Figure 1A). The α-Al2O3 and the

products acquired after each step according to Figure 1Awere

detected by the energy-dispersive x-ray spectroscopy (EDS)

(FEI Quanta 400FEG ESEM/EDAX Genesis X4 M, FEI

Company). The protein concentration of Vx3 proteins was

quantified by Bradford Protein Assay Kit (Beyotime

Biotechnology) according to the manufacturer’s protocol.

The α-Al2O3-CONH-Vx3 particles generated with or without

1-butanol blockingwere detected by confocalmicroscopy. The

successfully synthesized α-Al2O3-CONH-Vx3 was dispersed

in PBS for one, two, and three weeks to detect the stability.

UPs Enrichment from Cancer Cells by α-
Al2O3-CONH-Vx3
4T1 tumor cells grown to 80% were treated with 200nM

bortezomib (Millennium Pharmaceuticals) and 20 mM

ammonium chloride (Sigma) for 9 hrs. Cells were harvested

and washed with PBS 3 times, followed by treatment with

RIPA lysis buffer (Millipore), protease inhibitors (MCE),

phosphatase inhibitors (MCE), and PR-619 (MCE) for 20

mins on ice.20,21 Subsequently, the supernatants were col-

lected by centrifugation at 15,000 g for 30 mins. Then, the

supernatants of UPs were dripped into the α-Al2O3-CONH-

Vx3 nanoparticles solution and stirred for 12 hrs at 4°C. The

final product α-Al2O3-UPs were collected by centrifugation

at 1000 rpm for 15 min, and the amounts of UPs enriched by

α-Al2O3-CONH-Vx3 were calculated by the detection of the

protein reduction in the cell lysate. The protein concentration

of UPs was measured by BCA Protein Assay Kit (Beyotime

Biotechnology) according to the manufacturer’s protocol.

Western Blot Analysis
UPs were enriched from 4T1 tumor cell lysate treated with

bortezomib and ammonium chloride by α-Al2O3-CONH-

Vx3, and the whole cell lysate, unbound lysate (the super-

natant after the centrifugation for α-Al2O3-UPs collection

from the whole cell lysate) and α-Al2O3-UPs were collected

for Western blot analysis. All the samples were mixed with

SDS-PAGE loading buffer (Invitrogen) and boiled for 5

mins. Then, the samples were centrifuged at 12000 g for 10

mins and the supernatant was resolved by 12.5% SDS-PAGE

(Invitrogen). Then, the proteins were transferred to a PVDF

membrane, blocked by 5% dry milk for 1 hr, incubated with

primary antibody overnight at 4°C, and exposed to HRP-

conjugated secondary antibody for 1 hr. The membrane was

revealed using West Femto Substrate Trial Kit (Thermo

Fisher). The primary antibody was anti-ubiquitin antibody

(1:1000, Sigma, #3933) and the secondary antibody was goat

anti-rabbit IgG HRP (1:5000, eBioscience).

Transmission Electron Microscopy (TEM)
The original α-Al2O3 nano-particles and the final

vaccine product α-Al2O3-UPs dispersed in PBS

(0.1 mg/mL) were deposited on a carbon-coated 400

mesh Cu grids dried at 40°C and analyzed using

a JEM-2100 (HITACHI).

For the biological safety evaluation, small kidney tis-

sue pieces (~1 mm3) were fixed in 2.5% glutaraldehyde

(Servicebio) for 2–4 hrs at 4°C and washed with 0.1M

phosphate buffer (pH 7.4) 3 times for 15 mins each. Then,

the samples were post-fixed with 1% osmium tetroxide for

2 hrs at room temperature and washed three times.

Subsequently, the samples were dehydrated in a series of

graded ethanol, exchanged through acetone and embedded

in Epon 812. Thin sections (∼60–80 nm) were cut and

examined with an HT770 (HITACHI) TEM.

Flow Cytometry and Antibodies26–28

The following fluorescently labeled antibodies were used:

PE/Cy7-CD11C, PE-CD45, FITC-CD4, PE-IFN-γ, PE/Cy7-
CD8, FITC-CD3e, PE-CD86, APC-CD80, APC-Mouse

MHC class II (I-A/I-E), PE-Mouse MHC class I (H-2Kd),

Fixable viability dye eFluor 520 from eBioscience. Dead
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cells were excluded using the Fixable viability dye eFluor

520. Data were acquired on BD FACS Calibur and analyzed

by FlowJo software.

The Biological Safety Evaluation
BALB/c mice were divided randomly into two groups

(n=4 per group) and then received subcutaneous injection

three times with normal saline (NS) or α-Al2O3-UPs (con-

taining 30 μg of UPs) at two-day intervals.20,29 Mice were

euthanized 21 days post last vaccination. Then, the major

organs were dissected and collected for H&E staining

analysis and TEM analysis.

BMDC Activation and Maturation Assay
On the seventh day, BMDCs (2×105 cells) were treated with

culture medium (CM), physical mixture of α-Al2O3 and UPs

(α-Al2O3+UPs) or α-Al2O3-UPs for 24 hrs at 37°C. BM

DCs were then harvested and stained with PE/Cy7-CD11C,

A

B

C

Step 1

Step 2

Step 3

α-Al2O3

1-Butanol

4-Hydroxybenzoic acid

His-Vx3-eGFP

Bright filed

eGFP(Green)

mIgG-PE(Red)

Merge

4-Hydroxybenzoic acid

1-Butanol

EDC/NHS

+ +

+

+

+

+ +

+-

- -

-

10 μm

Figure 1 Surface modification of α-Al2O3 nanoparticles. (A) Schematic diagram of α-Al2O3-CONH-Vx3 nanoparticles. (B) FTIR spectra of α-Al2O3. (C) Confocal images of

α-Al2O3-CONH-Vx3 particles generated with and without 1-butanol blockage.
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PE-CD86, APC-CD80, APC-Mouse MHC class II (I-A/I-E)

and PE-Mouse MHC class I (H-2Kd), followed by flow

cytometry analysis.

Detection of the Specific Immune

Response Elicited by α-Al2O3-UPs
BALB/c female mice were divided randomly into different

groups (n=3 per group) and vaccinated subcutaneously

three times at two-day intervals with α-Al2O3-UPs or con-

trols. Seven days after the last vaccination, the splenocytes

were harvested and added to 48-well plates (1×106 cells/

well) and re-stimulated with inactivated 4T1 tumor cells

treated with Mitomycin C (Sigma) or α-CD3mAb. After 48

hrs of incubation, the supernatant was collected for measur-

ing IFN-γ by ELISA and the intracellular IFN-γ synthesized
by CD8+ T cells was examined by flow cytometry.

In the experiment exploring the optimal UPs dosage

contained in α-Al2O3-UPs, BALB/c mice were divided

randomly into four groups and, respectively, vaccinated

with α-Al2O3-UPs containing 0, 10, 30 or 100 μg of

UPs/mouse. In the experiment exploring the optimal ratio

of splenocytes to inactivated 4T1 tumor cells, the spleno-

cytes (1×106 cells/well) were, respectively, re-stimulated

with 0 (1:0), 1×104 (1:0.01), 3×104 (1:0.03), 1×105 (1:0.1),

3×105 (1:0.3), or 1×106 (1:1) inactivated 4T1 tumor cells.

In the final experiment to compare the immune responses

elicited by α-Al2O3-UPs and α-Al2O3+UPs, BALB/c mice

were divided randomly into three groups, and, respec-

tively, vaccinated with NS, α-Al2O3+UPs (containing 30

μg UPs) and α-Al2O3-UPs (containing 30 μg UPs), and the

ratio of splenocytes to inactivated 4T1 tumor cells is

1:0.03.

Detection of the Antitumor Efficacy of α-
Al2O3-UPs
A 4T1 murine tumor model was established by subcuta-

neous injection of 4T1 tumor cells (5×105) into the right

mammary fat pad of female BALB/c mice. Mice bearing

5-day 4T1 tumors were randomly divided into four groups

(n=6 per group) and then received subcutaneously vacci-

nation of α-Al2O3-UPs (containing 30 μg of UPs), α-Al2O3

+UPs (containing 30 μg of UPs), α-Al2O3-CONH-Vx3 and

NS on day 5, 7, and 9, respectively, after the first inocula-

tion of tumor cells. Whole blood samples were collected

from the orbit on day 16, and the IFN-γ level in the serum

was measured by ELISA.20,21 Tumor growth and mice

survival were observed every other day. Mice with tumors

greater than 3000 mm3 were euthanized. To further inves-

tigate the anti-tumor efficacy of α-Al2O3-UPs in combina-

tion with chemotherapeutic medication, epirubicin (EPB),

BALB/c mice bearing 5-day 4T1 tumors were randomly

divided into four groups (n=6 per group) and treated with

or without intravenously EPB (50 μg/mouse) on day 5

combined with or without triple α-Al2O3-UPs vaccination

or NS on day 8, 10 and 12. The IFN-γ levels in blood sera

were measured by ELISA on day 19. Tumor growth was

measured every other day and survival of the mice was

monitored.

IFN-γ ELISA
IFN-γ production in the culture supernatant and blood

serum was measured by an ELISA kit (eBioscience) fol-

lowing the manufacturer’s guideline.

Statistical Analysis
Experimental data came from at least three independent

experiments and were analyzed for statistical significance

using GraphPad Prism 7 (GraphPad Software). The statis-

tical significance of the differences between groups was

evaluated by Student’s t-test or one-way ANOVA when

the data distribution was parametric. The statistical signifi-

cance of the differences between groups was evaluated by

Mann–Whitney’s U-test when the data distribution was

non-parametric. Kaplan-Meier survival curves were

assessed by the Log-rank Mantel-Cox test. Data were

expressed as the means ± SD (*=p<0.5, ** = p < 0.01,

*** = p < 0.001, **** = p <0.0001) and P < 0.05 was

considered significant.

Results
Surface Modification of α-Al2O3

The α-Al2O3 nanoparticles were synthesized conforming to

the schematic diagram shown in Figure 1A. In order to link

Vx3 protein to α-Al2O3 nanoparticles, the nanoparticles were

undergone carboxylation by 4-Hydroxybenzoic acid

(denoted as α-Al2O3-COOH). Surface modification of α-
Al2O3 nanoparticles was confirmed by FTIR. The FTIR

spectra of α-Al2O3 (Figure 1B) showed a strong and broad

absorption peak at ∼3448 cm−1, which corresponded to the

stretching vibration of hydrogen-bonded OH. Meanwhile,

the sharp absorption peakwas at ∼1632 cm−1, which revealed

the scissoring vibration of adsorbed water. After the

reaction between α-Al2O3 and different proportions of

4-Hydroxybenzoic acid, the above two absorption peaks
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clearly reduced. The α-Al2O3 and the products acquired after

each step according to Figure 1Awere detected by the EDS

and the EDS results (Figure S2) showed that C and

N elements were detected in α-Al2O3-CONH-Vx3 but not

in α-Al2O3.
30 Many more C elements were detected on

modified α-Al2O3 nanoparticles after the reaction with

4-Hydroxybenzoic acid and the 1-butanol. Many more

C and N elements were detected on modified α-Al2O3 nano-

particles after covalently linked with Vx3 proteins, which

suggested the successful modification of α-Al2O3 nanoparti-

cles. Notably, the absorption peak of OH maximum reduced

when the ratio of α-Al2O3 with 4-Hydroxybenzoic acid was

1:5. These results suggested that α-Al2O3 was successfully

modified with 4-Hydroxybenzoic acid, even when an excess

of 4-Hydroxybenzoic acid was used to modify α-Al2O3,

some of the hydroxyl groups remained. To test if proteins

other than Vx3 could be absorbed on the 4-Hydroxybenzoic

acid-modified α-Al2O3 nanoparticles, IgG-PE was added as

irrelevant protein after Vx3 conjugation. The confocal micro-

scopy results suggested the successful conjugation of Vx3

(indicated by green fluorescence) as well as the absorption of

irrelevant protein IgG-PE (indicated by red fluorescence,

Figure 1C, column 1). Therefore, 1-butanol was used to

block the surface residual hydroxyl groups of α-Al2O3-

COOH (Figure 1A, step 2). No red fluorescence was

observed after 1-butanol blockage (Figure 1C, column 4),

which indicates protein adsorption on α-Al2O3-COOH is

effectively blocked.

Generation and Characterization of α-Al2
O3-CONH-Vx3
The α-Al2O3-COOH was mixed with Vx3 protein at dif-

ferent ratios at 4°C overnight, and the covalent binding

between α-Al2O3-COOH and Vx3 protein was detected by

fluorescence microscopy. With the increase of Vx3 protein

added to 1 mg α-Al2O3-COOH, the fluorescence intensity

of the ligation product gradually increased, indicating that

the Vx3 protein was successfully coupled to α-Al2O3-

COOH (Figure 2A). The results also showed that

a maximum of 50 μg Vx3 protein could be coupled to

1 mg of α-Al2O3-COOH (Figure 2B). Therefore, a 50 μg:

1 mg ratio of Vx3 protein to α-Al2O3−COOH was used in

the following experiments. The stability of α-Al2O3-

CONH-Vx3 was then tested by detecting the fluorescence

intensity after storage at 4°C for one, two and three weeks.

The results show that the synthesized α-Al2O3-CONH-

Vx3 is stable at 4°C for at least 2 weeks (Figure 2C).
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Figure 2 Vx3 proteins were coupled to α-Al2O3-COOH successfully. (A) Fluorescence diagrams of α-Al2O3-COOH coupled with different amounts of Vx3 proteins. (B)
Connection between the amount of conjugated Vx3 and the amount of Vx3 added to 1 mg α-Al2O3-COOH. The protein concentration of Vx3 was quantified by Bradford

Protein Assay. Data (means ± SD) are representative of three independent experiments results. (C) Fluorescence diagrams of α-Al2O3-CONH-Vx3 stored at 4°C for one,

two, and three weeks after synthesis.
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UPs Enrichment from 4T1 Tumor Cells

by α-Al2O3-CONH-Vx3
4T1 tumor cell lysate, α-Al2O3-CONH-Vx3 andα-Al2O3-

UPs was prepared according to the Materials and methods.

SDS-PAGE analysis (Figure 3A) showed that equal

amounts of proteins from the whole cell lysate (lane 2),

unbound lysate (lane 3) and α-Al2O3-UPs (lane 4) were

loaded. The levels of ubiquitin (Figure 3B) in the whole

cell lysate (lane 2), unbound lysate (lane 3) and α-Al2O3-

UPs (lane 4) were measured by Western blot. The results

showed that the level of ubiquitin protein in α-Al2O3-UPs

(lane 4) was markedly higher than that in the whole cell
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Figure 3 Enrichment of UPs by α-Al2O3-CONH-Vx3. (A) α-Al2O3-CONH-Vx3 was used to enrich ubiquitinated proteins from 4T1 tumor cell lysate treated with

bortezomib and ammonium chloride. Molecular weight marker is represented by lane 1. The equal amounts of proteins (20 μg) from the whole cell lysate (lane 2), unbound

lysate (lane 3) and α-Al2O3-UPs (lane 4) were loaded on 12.5% SDS PAGE gel. (B) Molecular weight marker is represented by lane 1. Anti-ubiquitin antibody was used to

detect the ubiquitin in the whole cell lysate (lane 2), unbound lysate (lane 3) and α-Al2O3-UPs (lane 4) by Western blot analysis. (C) The relative intensities of (B)
(normalized with lane 2). (D) Western blot analysis was used to detect UPs enriched by α-Al2O3-CONH-Vx3 after reacting with different amounts of cell lysate. (E) The
relative intensities of (D) (normalized with lane 1:0). (F) Connection between the amount of UPs and the amount of cell lysate added to 1 mg α-Al2O3-CONH-Vx3. The

protein concentration of UPs were quantified by BCA Protein Assay. (G) Western blot analyses of UPs in supernatant (S) and precipitate (P) after one, two, and three weeks

of the first reaction. (H) The relative intensities of (G) (normalized with the corresponding supernatant in each group). (I) TEM images of constructs on (1) α-Al2O3 and (2)

Al2O3-UPs. Data (means ± SD) are representative of three independent experiments results.
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lysate (lane 2) and in the unbound lysate (lane 3) when the

same amount of total protein was loaded. The results

indicated that α-Al2O3-CONH-Vx3 is an efficient tool for

the enrichment of UPs from tumor cell lysate (Figure 3B).

The gray level analysis results are showed in Figure 3C.

To show the background UPs in α-Al2O3-CONH-Vx3, α-

Al2O3-CONH-Vx3 nanoparticles were divided into two

equal halves. One half was used to enrich UPs from

tumor lysate to produce α-Al2O3-UPs, which along with

the other half of α-Al2O3-CONH-Vx3 was prepared for

Western blot analysis. The results showed that there are

much more UPs in α-Al2O3-UPs than in Al2O3-CONH-

Vx3, indicating that most of the UPs in α-Al2O3-UPs

comes from 4T1 tumor lysate (Figure S3). To investigate

the capability of α-Al2O3-CONH-Vx3 recruiting UPs, dif-

ferent amounts of cell lysate were added to 1 mg of α-Al2
O3-CONH-Vx3. Western blot analysis indicated that the

amounts of enriched UPs were in proportion to the amount

of 4T1 cell lysate added to α-Al2O3-CONH-Vx3 until 300

μg of lysate was added. Increasing the amount of cell

lysate over 300 μg would not significantly enhance the

UPs captured in the nanoparticles (Figure 3D). And the

gray level analysis results are shown in Figure 3E. The

same result was obtained by calculating the concentration

difference of cell lysate before and after the reaction. UPs

were in proportion to the amount of 4T1 cell lysate added

to α-Al2O3-CONH-Vx3, and 1 mg α-Al2O3-Vx3 was able

to recruit up to 150 μg of UPs (Figure 3F). Therefore, to

generate the α-Al2O3-UPs vaccine, 300 μg of lysate was

added to 1 mg of α-Al2O3-CONH-Vx3 in the following

experiments. These results suggested that the α-Al2O3-

CONH-Vx3 could enrich UPs from tumor cell lysate

effectively. Since the stability of cancer vaccines is very

important in clinical applications, we stored α-Al2O3-UPs

suspension in PBS at 4°C for one, two, and three weeks to

test its stability. The results of Western blot analysis

showed that two weeks after storage, only a small propor-

tion of UPs was detected in the supernatant, and the UPs in

the precipitate scarcely reduced. These results revealed

that α-Al2O3-UPs could be stably suspended in PBS at

4°C for two weeks (Figure 3G). Moreover, the gray level

analysis results are shown in Figure 3H. Furthermore, the

α-Al2O3 and α-Al2O3-UPs were observed by TEM. The

results showed that the α-Al2O3 has a smooth surface with

distinct lattices on it (Figure 3I, 1). When it was coupled

with UPs, the surface was covered with an amorphous

layer (Figure 3I, 2). These results demonstrate that UPs

from cell lysate could be effectively enriched by α-Al2O3-

CONH-Vx3.

The Biological Safety Evaluation of α-Al2
O3-CONH-UPs
BALB/c mice were divided randomly into two groups

(n=4 per group) and then received subcutaneous injection

three times with NS or α-Al2O3-UPs (containing 30 μg of

UPs) at two-day intervals. Mice were euthanized on day

21 and the organs were collected for histopathological

analysis. Morphologies of the hearts, livers, spleens,

lungs, and kidneys after H&E staining showed that there

were no marked pathological changes in both vaccine

group and NS group (Figure S4A). Moreover, TEM was

used to study the ultrastructure of kidneys. The results

indicated no pathological change of kidneys in both two

groups (Figure S4B). Therefore, α-Al2O3-UPs exhibits

a good safety profile as a nano vaccine.

Activation and Maturation of Dendritic

Cells Stimulated by α-Al2O3-UPs in vitro
The activation and maturation of DCs are crucial for the

induction of CTL responses. To test the ability of α-Al2O3-

UPs to activate DCs, BMDCs were stimulated with α-Al2O3

+UPs or α-Al2O3-UPs. The maturation markers (CD80,

CD86, MHC class I, andMHC class II) on DCs were detected

by flow cytometry and quantified with the mean fluorescence

intensity (MFI). The results (Figure 4A) indicated that α-Al2
O3-UPs vaccine resulted in a significantly higher upregulation

of all the markers compared to other groups. The result

together with findings suggests that α-Al2O3-UPs could

directly promote the maturation and activation of DCs.

The Specific Immune Response Elicited by

α-Al2O3-UPs Vaccination
We seek to determine whether α-Al2O3-UPs could trigger

a specific immune response in mice. Above all, the optimal

conditions to test the immune response induction were

explored. Firstly, the dosage of UPs contained in the α-Al2
O3-UPs vaccine was tested by vaccinating mice with α-Al2
O3-UPs containing different doses of UPs (0, 10, 30 or 100

μg of UPs/mouse) three times at two-day intervals. Mice

were euthanized 7 days post last vaccination and the sple-

nocytes were harvested, followed by re-stimulating with

inactivated 4T1 tumor cells or α-CD3mAb. The levels of

IFN-γ in the culture supernatant were detected by ELISA.

The results indicated that α-Al2O3-UPs vaccination can
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generate an effective immune response against 4T1 tumor

cells in a dose-dependent manner, and 30 μg UPs induced

a higher level of IFN-γ secretion than other doses

(Figure 4B). Therefore, 30 μg UPs was used in the follow-

ing experiments. Secondly, the ratios of splenocytes to

inactivated 4T1 tumor cells were optimized and the results

indicate that the optimum ratio is 1:0.03 (Figure 4C), which

was then applied in the following experiments.

Subsequently, we used the above optimal conditions to

detect whether α-Al2O3-UPs could induce a stronger anti-

tumor immune response thanα-Al2O3+UPs. BALB/c mice

were randomly divided into three groups (n=3 per group)
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and immunized with NS, α-Al2O3+UPs (containing 30 μg

of UPs) or α-Al2O3-UPs (containing 30 μg of UPs),

respectively. Seven days after the last vaccination, mice

were euthanized and the splenocytes were harvested fol-

lowed by re-stimulating with inactivated 4T1 tumor cells

(the ratio of splenocytes:4T1 is 1:0.03). Then, the level of

IFN-γ in culture supernatant was detected by ELISA.

Moreover, the splenocytes were harvested and analyzed

by flow cytometry. ELISA results showed that the α-Al2O3

-UPs group produced more IFN-γ than the α-Al2O3+UPs

group (Figure 4D). The level of the intracellular IFN-γ

synthesized by CD8+ T cells examined by flow cytometry

obtained the same results (Figure 4E). These data suggest

that the α-Al2O3-UPs could induce effective specific

immune responses and has the potential to become

a candidate for cancer vaccines.

The Therapeutic Efficacy of α-Al2O3-UPs

Vaccination in 4T1 Tumor-Bearing Mice
To investigate the antitumor efficacy of the α-Al2O3+UPs

vaccine in vivo, a 4T1 murine tumor model was estab-

lished. Mice bearing five-day 4T1 tumors were randomly

divided into four groups. The mice then received triple

subcutaneous vaccination of α-Al2O3-UPs, α-Al2O3+UPs,

α-Al2O3-CONH-Vx3 or NS into both flanks on day 5, 7,

and 9 after the first inoculation of tumor cells (Figure 5A).

Blood samples from the orbit were collected from the mice

7 days after the last vaccination, and the levels of IFN-γ

were measured by ELISA. The results showed that α-Al2
O3-UPs vaccinated mice produced a higher level of IFN-γ

than all the other groups (Figure 5B). Notably, vaccination

with α-Al2O3-UPs significantly inhibited 4T1 tumor

growth (Figure 5C) and prolonged the median survival

time of the mice compared with the other three groups

(Figure 5D).

To enhance the anti-tumor efficacy, α-Al2O3-UPs in

combination with chemotherapeutic medication EPB was

applied to the murine mammary carcinoma model, BALB/

c mice bearing five-day 4T1 tumors were established and

randomly divided into four groups, which were treated

with or without intravenously EPB (50 μg/mouse) com-

bined with or without subcutaneously vaccination of α-Al2
O3-UPs on day 8, 10 and 12 (Figure 5E). Blood samples

from the orbit were collected 7 days after the last vaccina-

tion, and the levels of IFN-γ were measured by ELISA.

The results showed that the highest level of IFN-γ in the

serum has been detected from the mice in the combination

therapy group, compared to those from the other three

groups (Figure 5F). Moreover, we found the combination

of α-Al2O3-UPs and EPB more effectively inhibited 4T1

tumor growth (Figure 5G) and significantly prolonged the

median survival time up to 63 days compared to 37 days

for the EPB group and 52 days for the α-Al2O3-UPs group

(Figure 5H). Therefore, these results clearly indicate that

α-Al2O3-UPs have a potent anti-tumor efficacy in the 4T1

mammary cancer model and more effective when it com-

bines with chemotherapy.

Discussion
Currently, cancer is a leading cause of morbidity and mor-

tality worldwide. Cancer immunotherapy which stimulates

the immune system to enhance its anti-cancer activity has

been recognized as one of the indispensable pillars of treat-

ments including surgery, chemotherapy, and radiation.1,5

There are two crucial factors affecting the efficacy of cancer

vaccine, which are TAAs and adjuvants.31,32 TAAs

expressed on cancer cells are the targets for the immune

system, it can be processed and presented by professional

antigen-presenting cells (pAPCs) such as DCs, and then

trigger antigen-specific T cell immune responses to kill

tumor cells.22,33,34 Inactivated whole tumor cells or tumor

cell lysates were kept as a source of TAAs in many ther-

apeutic vaccines due to their numerous TAAs contained.

This rich source of antigens contains multiple T-cell epi-

topes, which could elicit a stronger overall anti-tumor

response. In addition, it could greatly diminish the chance

of tumor escape compared to using single epitope

vaccines.35 However, the total clinical response rate in can-

cer patients following treatment with these vaccines was

only 3.3%.17,36 There are many causes of these unsatisfac-

tory clinical outcomes. For example, the irradiated tumor

cells may still have the ability to secrete immunosuppressive

factors like TGF-β which could inhibit the maturation of

DCs.37,38 Similarly, some immune-suppressive molecules

may be contained in tumor cell lysates.8,39 Thus, great

efforts have been made to find new sources of TAAs.

Dribbles, which are isolated from tumor cells with autop-

hagy induction and lysosomal/proteasomal activity inhibi-

tion, carry abundant ubiquitinated short-lived proteins

which are almost not contained in inactivated whole-cell

tumor vaccines owing to rapid degradation.15,17,19 Our pre-

vious studies found that DRibble vaccine could efficiently

cross-prime antigen-specific T cells and induce strong anti-

tumor effects in several tumor models.16–20,40 We further

determined that UPs in DRibbles play the role asmain TAAs
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in inducing anti-tumor efficacy, and furthermore, much

more UPs could be acquired from tumor cells lysate than

carried in DRibbles.16,17,19,20

In the previous study, we enriched UPs from tumor cell

lysate using Ni-NTA agarose beads coupled with ubiqui-

tin-binding protein Vx3. However, this Ni-NTA agarose
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Figure 5 Anti-tumor efficacy of α-Al2O3-UPs vaccine in 4T1 tumor-bearing mice. (A) The immunization schedule for α-Al2O3-UPs vaccination in an established 4T1 tumor

model. (B) The level of IFN-γ in the serum of tumor-bearing mice after treatment. (C, D) The tumor volume and the percent survival time of tumor burden mice with

different treatments (n=6 per group). (E) The immunization protocol for combination therapy for the 4T1 tumor-bearing model. (F) The level of IFN-γ in the serum of

tumor-bearing mice after treatment. (G, H) The tumor volume and the percent survival time of tumor-bearing mice with combination therapy (n=6 per group). Data (mean

± SD) are representative of three independent experiments results. **, P < 0.01; ****, P < 0.0001; ns, not significant, by One-way ANOVA with the Tukey-Kramer multiple
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beads method has some significant disadvantages. Ni-NTA

agarose beads are expensive for clinical application, and

not environment-friendly. Moreover, the need for repeated

washes in the method causes low UPs yield and high Ni-

NTA agarose bead consumption. Besides, it takes 24 hrs to

capture UPs from cell lysate by incubating it with the Vx3-

bond agarose beads, which in combination with other

steps, makes the method very time-consuming.19,20

Therefore, a simpler, cheaper, and faster method for UPs

enrichment is needed for the development of a promising

vaccine.

Adjuvants are the essential components of potent vac-

cines which improve the immune response to vaccine

antigens.32,41 Nowadays most of the new generation vac-

cines are sub-unit vaccines that lack good immunogenicity

and thereby essentially need adjuvants in combination to

enhance immune responses.1,42 α-Al2O3 adjuvants that

have been approved for human use are cheap, environ-

ment-friendly, and sustainable. The α-Al2O3 adjuvants also

have been demonstrated to have the capacity to promote

the uptake and presentation of antigen by APCs and

increase MHC class II expression.40,41,43 Besides, particle

size has been reported to play an important role in deter-

mining the trafficking to the lymph nodes. Only small

nanoparticles can specifically target lymph nodes resident

cells, which is believed as a critical step for systemic

immune response generation.44 Furthermore, recent stu-

dies showed that α-Al2O3 nanoparticles could boost the

anti-tumor efficacy of tumor-derived autophagosomes con-

taining limited amounts of unknown tumor-specific anti-

gens. Hence, we choose α-Al2O3 nanoparticle as the

adjuvant for our cancer vaccines. Moreover, instead of

physically mixing antigens with α-Al2O3, we enriched

UPs by α-Al2O3 linked with Vx3 proteins and generate

an adjuvant built-in nanovaccine. Compared to the Ni-

NTA agarose beads method, this α-Al2O3-CONH-Vx3

strategy greatly simplifies the enrichment procedure of

UPs to one step of centrifugation which is more conveni-

ent, efficient, and significantly reduces the cost.20

Further results show that our vaccinewith α-Al2O3-CONH

-Vx3 strategy not only dramatically facilitates the UPs enrich-

ment but also elicits more potent anti-tumor efficacy in com-

parison to the physical mixture of α-Al2O3 and UPs. Tumor

growth was inhibited more effectively (Figure 5C) and longer

survival time was achieved (median survival days, 53 vs 44.5,

Figure 5D) in α-Al2O3-UPs group. In the experiment to detect

the tumor-specific immune response induced in mouse, both

CD3+CD8+IFN-γ+ T cells proportion and IFN-γ secretion

level were increased in the α-Al2O3-UPs vaccinated group

when re-stimulated with inactivated tumor cells (Figure 4E),

suggesting that our vaccine can induce a stronger tumor-

specific immune response. In vitro experiment showed higher

expression of the co-stimulatorymolecules (CD80,CD86) and

histocompatibility complex molecules (MHC class I, MHC

class II) on DCs induced by α-Al2O3-UPs (Figure 4A), sug-

gesting that the vaccine could promote the activation and

maturation of DCs more effectively. Besides the results of

our studies, Li et al demonstrated that when conjugated with

a model peptide of OVA antigen, α-Al2O3 nanoparticles can

serve as efficient carriers for the delivery of antigens to the

autophagosome-related cross-presentation pathway in pAPCs

to prime naïve T cells, and subsequently boost the anti-tumor

efficacy in a B16-OVA murine model.40 It is possible that our

α-Al2O3 nanoparticles enhance the cross-presentation of the

conjugated UPs in pAPCs and prime stronger T cell response

in a similar way.

In our previous study, C=N linker was used to conju-

gate Vx3 to α-Al2O3. However, we found the vaccine

generated by the C=N linker has strong autofluorescence,

which leads to interference to many in vitro experiments.

Compared to our previous C=N linker method, the mod-

ified α-Al2O3 using CONH linker method developed in

this study has no autofluorescence, which is more suitable

for in vitro experiments.21 Moreover, the reagents

4-Hydroxybenzoic acid and 1-butanol used in CONH lin-

ker method are much cheaper and more easily preserved

than triethoxysilane and glutaraldehyde which are used in

C=N linker method.21

Breast cancer is a common disease with high morbidity

and mortality in females worldwide, which has marked

characteristics of high heterogeneous, high metastasis

rate, high recurrence rate, poor survival and poor

prognosis.45 Chemotherapy remains the main therapeutic

method in breast cancer, but it is often ineffective as drug

resistance occurs easily and quickly for long time use.

Immunotherapy strategies are becoming the newly promis-

ing therapeutic options.46–48 Therefore, we choose 4T1

breast tumor as an animal model for stage IV human breast

cancer to investigate the anti-tumor efficacy of our ther-

apeutic cancer vaccine.49,50

Because of the immune escape mechanisms such as

immunosuppressive environment and over-expression of

inhibitory molecules, all lead to the failure of immunother-

apy during cancer progression, cancer vaccines are unlikely

to become a monotherapy of cancer.51,52 Recently, cancer

vaccines combined with chemotherapy have been reported
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to achieve promising developments in many studies.12,52 It

has been reported that chemotherapeutic agents can induce

the “immunogenic death” of tumor cells, resulting in the

activation of DCs mediated by IL-12, followed by antigen

cross-presentation to T cells, leading to CTLs with greater

efficient cytotoxic ability.53,54 Hence, the strategy of α-Al2
O3-UPs vaccine combined with low dose chemotherapy

was utilized to achieve a better anti-tumor effect. We

found that the combination therapy further enhanced the

anti-tumor efficacy of our vaccine and prolonged survival in

the murine mammary carcinoma model compared to the use

of α-Al2O3-UPs alone (Figure 5G and H). These results

suggested α-Al2O3-UPs vaccine in combination with low

dose chemotherapy may be a promising cancer combination

therapy strategy due to its higher anti-tumor efficacy and

lower side effects.

Conclusion
In conclusion, the α-Al2O3-CONH-Vx3 nanoparticles

synthesized by CONH linker method can conveniently

and efficiently enrich UPs from tumor cell lysate. The

adjuvant built-in nanovaccine α-Al2O3-UPs is able to elicit

a tremendous specific immune response and anti-tumor

effect in a murine tumor model. Moreover, in combination

with low dose chemotherapy, the anti-tumor efficacy of the

vaccine could be significantly enhanced. Overall, these

studies present a promising vaccine that could be applied

to cancer immunotherapy and lay the experiment founda-

tion for its clinical application.
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