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Enhancing both the humoral and cellular immune response for tumor vaccination remains a challenge.

Inspired by natural pathogen structures, we took b-glucan particles derived from a baker's yeast cell shell

(YS) as a vaccine carrier and danger signal for dendritic cells (DCs), and coated the YS with catanionic

layered double hydroxides (LDH) by electrostatic adsorption to form a biomimetic yeast cell particle

(YSL). Our experimental results showed that the YSL vaccine efficiently targeted antigen-presenting cells

(APCs) and remarkably enhanced antigen cross-presentation, and strongly improved the activation and

maturation of DCs. Moreover, the YSL vaccine elicited an extremely high antibody titer and strong

antigen-specific cytotoxic T lymphocyte together with mixed Th1/Th17 cellular immune responses and

induced marked prophylactic and therapeutic effects against E.G7-OVA tumors in mouse models. These

results suggest that YSL, integrating a yeast shell to mimic natural pathogens and LDH with high antigen-

loading capacity and lysosome escape, is a promising tumor vaccine platform for rapid, effective and

strong induction of both humoral and cellular immune responses.

Introduction

Vaccination is one of themost useful and cost-effective methods

to prevent or ght against tumors as well as other diseases.1,2 An

efficient tumor vaccine should induce an extensive humoral

response and cellular immune response, including CD8+ cyto-

toxic T cell (CTL), CD4+ Th1 or Th17 cell responses, with the aid

of an adjuvant.3–5 However, the most commonly used adjuvant,

aluminum salt (alum), can only generally elicit a strong anti-

body response with a Th2 bias,6 and few adjuvants licensed for

human administration have been able to generate enough

cellular immune response.7 New strategies with the ability to

enhance both humoral and cellular immune responses remain

a priority for the development of therapeutic tumor vaccines.

As a generally recognized as safe (GRAS) particulate system

approved by the FDA, yeast shell walls (b-glucan particles) are

particularly attractive as vaccine adjuvants and antigen

carriers.6,8 The yeast shell has a perfect natural size of 2–4 mm,

inducing specic uptake by phagocytes such as DCs and

macrophages rather than most non-phagocytic cells, and

avoiding the risk of antigen uptake and presentation by non-

APCs.9 Moreover, DCs and macrophages recognize the b-1,3-D-

glucan backbone structure through dectin1 and toll-like

receptors (TLRs), such as TLR-2 and TLR-6,10,11 inducing matu-

ration of APCs and activation of the mixed Th1 and Th17

adaptive immune responses.12,13 However, the antigen loading

capacity of yeast shells is low and the loaded antigen can easily

be released before reaching the APCs.

As antigen protectors and carriers, layered double hydroxide

(LDH) nanomaterials have attracted increasing attention and

have been investigated as adjuvants to enhance the immune

responses to antigens.14–16 The most studied MgAl-LDH NPs,

with the general formula of [M1 � x2+Mx3+(OH)2]
x+(An-)x/

n$mH2O, carry positive charges, which can be used to electro-

statically load negatively-charged biological molecules (such as

oligonucleotides, DNA, RNA, and proteins) for delivery to

mammalian cells to enhance cellular uptake due to its good

biocompatibility, high payload loading capacity, easy and low-

cost preparation.17,18 Moreover, these particles not only facili-

tate the access of antigens to APCs but also alter intercellular

trafficking.19,20 Elaborately designed LDH carriers have been

demonstrated to evade lysosome degradation and stimulate
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cross-presentation of internalized antigen.21,22 The alkalinity of

MgAl–LDH material maintains the endosomal pH at around 6

through a minor dissolution of LDH, which increases osmotic

pressure within the endosome and ultimately leads to endo-

some rupture, providing access to subsequent antigen cross-

presentation.23 Thus, LDH has been investigated as a carrier to

enhance immune responses to antigens.24–26 Nevertheless, LDH

mainly induces a humoral response with a low Th1 cellular

immune response, limiting its clinical use as a tumor vaccine

adjuvant.14

Inspired by natural pathogen structures with repetitive

epitope arrangements on the microorganism surface,15 we have

developed a novel composite immunotherapeutic agent, YSL,

using yeast shell derived b-glucan particles as a carrier which

were coated with positively charged LDH through electrostatic

interactions to load antigen on the surface (Fig. 1) and then

assessed its prophylactic and therapeutic effects on tumors

aer a tumor antigen was absorbed on YSL particles.

Experimental section
Materials

Ovalbumin was obtained from Sigma-Aldrich (St. Louis, MO,

USA). Brefeldin A solution and the following uorescence-

labeled antibodies, mouse PE/Cy7-anti-CD3 antibody, FITC-

anti-CD4 antibody, FITC-anti-CD8a antibody, Percp-anti-CD8a

antibody, PE-anti-IL4 antibody and APC-anti-IFN-g antibody,

were purchased from BioLegend (San Diego, CA). LysoTracker

Red DND-99, RPMI medium 1640 basic, fetal bovine serum and

penicillin streptomycin were purchased from Thermo Fisher

Scientic (MA, USA). Mouse cytokine ELISA kits were obtained

from BioLegend (San Diego, CA, USA). Recombinant mouse

granulocyte-macrophage colony-stimulating factor (GM-CSF)

and interleukin (IL)-4 were purchased from PeproTech (Rocky

Hill, USA).

Cell culture and animals

All animal procedures were performed in accordance with the

China Public Health Service Guide for the Care and Use of

Laboratory Animals and approved by the Animal Care and Use

Committee of the Institute of Process Engineering, Chinese

Academy of Sciences.

6–8 week-old C57BL/6 female mice were obtained from Bei-

jing HFK Bioscience (Beijing, China) and maintained with

access to food and water ad libitum in a colony room kept at 22

� 2 �C and 50 � 5% humidity under a 12 : 12 light/dark cycle.

Mouse E.G7-OVA cells were gied by Prof. Guanghui Ma

from the State Key Laboratory of Biochemical Engineering,

Institute of Process Engineering, Chinese Academy of Sciences.

Cells were maintained in 1640 medium supplemented with

10% fetal bovine serum, 0.4 mg mL�1 G418, 100 U mL�1 peni-

cillin and 100 mg mL�1 streptomycin (Invitrogen, Carlsbad, CA)

at 37 �C and 5% CO2. Mouse RF33.70 T hybridoma cells were

kindly provided by Prof. Yuhong Xu from School of Life Sciences

and Biotechnology, Shanghai Jiao Tong University, Shanghai,

Fig. 1 Schematic illustration of the LDH nanoparticle-coated yeast shell vaccine and immune activation. (a) Schematic illustration of the

construction of biomimetic YSL vaccine. (b) Schematic illustration of intracellular tracking of YSL vaccine and antigen-specific humoral and

cellular immune response induced by YSL vaccine.
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China. These cells were maintained in RPMI-1640 culture

medium with 10% fetal bovine serum and antibiotics.

Mouse bone marrow-derived dendritic cells (BMDCs) were

prepared as described previously.16 Briey, bone marrow cells

were isolated from 6 week-old C57BL/6 mice, residual tissue was

removed using a 70 mm nylon cell strainer (BD Bioscience,

Franklin Lakes, NJ, USA), and the red blood cells were lysed

using RBC Lysing Buffer (BioLegend). Bone marrow cells were

plated in 6-well culture plates (106 cells per mL, 5mL per well) in

RPMI-1640 complete medium supplemented with 20 ng mL�1

GM-CSF and 20 ng mL�1 IL-4. The medium was replaced every 2

days with fresh cytokine-supplemented medium. On day 6 aer

plating, aggregates of immature DCs were collected and used

for subsequent experiments. The content of CD11c+ cells in

these preparations was detected with an Accuri C6 ow cytom-

eter (BD Biosciences, USA).

Preparation of yeast shell particles

Yeast shell particles (YS) were prepared from Baker's yeast by

a slight modication of the alkaline and acidic extraction

method described previously,9 followed by either lyophilization

or spray-drying. Briey, the yeast cells were suspended in

200 mL of 1 M NaOH solution and stirred for 30 min at 60 �C.

The resulting material was heated to 80 �C for 60 min and then

centrifuged at 2000g for 10 min. The sediment was washed with

water with the pH adjusted to 4–5 by HCl and incubated at 55 �C

for 60 min. The alkali insoluble solids were then collected by

centrifugation, washed with water, and subsequently 4 times

with isopropanol and then twice with 40 mL of acetone. To

overcome particle aggregation, the semisolid YS (aer acetone

washing) was sonicated (Sonics, UK) for 5 min in water using an

ultrasonic output frequency of 20 kilohertz per second at 192

watts and then homogenized (IKATM) at 10 000 rpm for 10 min.

The suspension was nally freeze-dried using a lyophilizer

(CHRIST, Germany).

Preparation and characterization of LDH

MgAl–Cl–LDH nanoparticles were synthesized under sterile

conditions, as previously described with slight modications.24

All operations in this study were undertaken under N2 atmo-

sphere protection and ddH2O was boiled three times to remove

atmospheric CO2. To prepare the LDH, 10 mL of salt solution

(700 mM MgCl2 and 300 mM AlCl3) was rapidly added to

a 40 mL solution containing 450 mM NaOH under vigorous

stirring. Aer 10 min, the LDH slurry was separated by centri-

fugation at 4500g and washed twice with deionized water. The

slurry was manually dispersed in deionized water (40 mL) and

subsequently transferred to a stainless steel autoclave with

a Teon lining (Parr Acid Digestion Vessels) for hydrothermal

treatment at 100 �C for 16 h.

Direct assembly of LDH on the surface of yeast shell

For the preparation of YS-LDH particles, 5 mg of YS particles

were resuspended in water (1.0 mL). This suspension was mixed

with 10 mg of LDH in 1 mL of water. The resultant mixture was

ultrasonicated at room temperature for 30 min. Then the LDH/

YS composite particles were centrifuged at 3000 rpm for 5 min,

and the supernatant was removed.

For antigen loading, 1 mg of YS-LDHmicrospheres in 0.1 mL

of water was mixed with protein OVA (10 mg mL�1, 10 mL) for

30 min at room temperature with shaking. The supernatant was

removed by centrifugation, and the particles were washed with

water three times. The loading capacity was calculated by

measuring unbound OVA in the supernatant.

Intracellular trafficking of YSL particles

To monitor the DC uptake of the YSL-OVA particles, the BMDCs

were placed in a 24-well plate and incubated with FAM-OVA

alone and YSL-OVA at a ratio of 1 : 10 (cell : YS) at 37 �C in

5% CO2 for 0.5–24 h. The BMDCs were washed twice with PBS,

and the uorescence in BMDCs was analyzed with a ow

cytometer and measured on a confocal scanning laser micro-

scope (LSM780, Zeiss, Germany). To detect the ability of the

YSLs to escape from phagosomes in BMDCs, the FAM-labeled

OVA was used in YSL-OVA preparation. The BMDCs were incu-

bated with YSL-OVA particles for 4, 8 and 12 h, respectively.

50 nM Lyso-Track Red was then added and co-incubated for

30 min. The cells were rinsed twice, xed with fresh 4% para-

formaldehyde, treated with 10 mg mL�1 DAPI in PBS for 15 min,

and then observed on a confocal scanning laser microscope

(LSM780, Zeiss, Germany).

The cytotoxicity of YSL particles was analyzed with an MTT

assay. BMDCs were seeded in 96-well plates at a concentration

of 2 � 104 cells per well, and then the cells were incubated

with various ratios of YSL-OVA to cell for 24 h. Then, MTT

(0.5 mg mL�1) was added to each well for another 4 h at 37 �C,

and 100 mL of solution containing 10% SDS, 5% isobutanol, and

0.012 mol L�1 HCl was added to dissolve the crystals. The

absorbance at 570 nm was measured on a microplate reader

(EXL-800; Bio-Tek, Winooski, VT, USA).

Ability of YSL particles to induce BMDC maturation and

cytokine secretion

Immature BMDC cells were incubated with PBS, OVA

(2 mg mL�1), LDH-OVA (LDH : OVA ¼ 16 : 1, containing 2 mg

OVA per mL), YSL (YSL : cell ¼ 10 : 1), YSL-OVA (YSL : cell ¼

10 : 1 containing 2 mg OVA per mL) at 37 �C for 48 h. Cells were

then harvested and stained with PE-Cy7-labeled CD11c, PE-

labeled anti-mouse CD40, FITC-labeled anti-mouse CD80,

FITC-labeled anti-mouse MHCII or APC-labeled anti-mouse

CD86 monoclonal antibodies (BioLegend, San Diego, CA),

respectively. Expression levels of co-stimulators on the surface

of BMDCs, such as CD40, CD80, MHCII and CD86, were assayed

using an Accuri C6 ow cytometer. The levels of inammatory

cytokines in the culture medium, including IFN-g, IL-6, TNF-

a and IL-12, were assayed using an enzyme-linked immuno-

sorbent assay (ELISA) kits (BioLegend, San Diego, CA).

In vitro antigen processing and RF33.70 cell activation by YSL-

OVA stimulation

Immature BMDCs were incubated at 37 �C for 24 h with free

OVA, LDH-OVA (ratio ¼ 16 : 1) or YSL-OVA (containing 106 YS)
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over the indicated OVA concentration range, and then RF33.70

cells were co-incubated for 24 hours with dendritic cells at

a ratio of 5 : 1. The expression of SIINFEKL-MHCI+ of DCs was

detected by ow cytometry. The amount of IL-2 from activated

RF33.70 T hybridoma cells was determined by ELISA (Neo-

bioscience Technology Co, Ltd).

Biodistribution of YSLs in mice and recruitment of monocytes

C57BL/6 mice received subcutaneous injections of YSL-OVA and

LDH-OVA particles containing Cy5-OVA (20 mg OVA) in the

inguinal region. The control group mice were injected with the

same amount of Cy5-OVA alone. The uorescence in the mice

was detected at 0 h to 48 h to determine the distribution of YSL

particles using the In vivo Imaging System FX Pro (KODAK,

USA). To detect the trail of DCs and inammation stimulated by

YSLs, mice were sacriced 4 days post-yeast administration.

Draining lymph nodes were extracted and digested into a single

cell suspension to detect the expression SIINFEKL-MHCI+ of

recruited DCs. The antigen depots were homogenized to detect

inammation cytokines. Meanwhile, some were histologically

evaluated with hematoxylin and eosin (H&E) staining to detect

APC recruitment.

Animal immunization and in vivo assay of humoral immune

responses

C57BL/6 mice were immunized subcutaneously in the

inguinal region with YSL-OVA particles (1.0 mg particles per

mouse, containing 50 mg OVA per mouse) twice at two-week

intervals, with soluble OVA (50 mg OVA per mouse), YSL

(1.0 mg per mouse), and LDH-OVA (50 mg OVA per mouse)

used as controls. Seven days aer the last immunization,

blood was collected for antibody titer determination with the

ELISA kit.

For the antibody titer determination with ELISA, OVA was

diluted with 20 mM PBS (10 mg mL�1) and coated onto 96-well

plates at 4 �C overnight. The plates were washed three times

in PBS containing 0.1% Tween 20 (PBST) and blocked with 3%

BSA solution at 37 �C for 2 h. Aer washing three times with

PBST, serial two-fold dilutions of sera were performed, and

the plates were incubated at room temperature for 2 h. The

plates were washed 6 times and reacted with a 5000-fold

dilution of horseradish peroxidase (HRP)-labeled goat anti-

mouse IgG, IgG1 and IgG2a antibodies (Thermo Fisher

Scientic MA, USA) at room temperature for 1 h. Finally, the

plates were washed 8 times and developed with TMB

substrate (100 mL per well) for 15 min, the chromogenic

reaction of which was stopped by adding H2SO4. The absor-

bance was measured on a SpectraMax M5microplate reader at

450 nm.

Tumor challenge and evaluation of anti-tumor activity

For prophylactic vaccination against E.G7-OVA tumor chal-

lenge, mice were primed with OVA proteins, LDH-OVA parti-

cles or YSL-OVA particles and boosted again 14 days later.

Mice immunized with PBS and YSL were used as the negative

controls. At day 28, the vaccinated mice were subcutaneously

challenged with 1 � 106 E.G7-OVA tumor cells in the right

ank. Tumor sizes were measured with a caliper every other

day for 24 days. Tumor volume was calculated using the

formula 1/2� length � width2. The tumor volumes of

deceased mice were not included aer the day of death. The

survival times were recorded throughout the tumor

challenge.

To test the therapeutic effects of these vaccines against E.G7-

OVA tumors, mice were subcutaneously challenged with 1� 106

E.G7-OVA cells in the right ank. Mice were vaccinated with

YSL-OVA particles (1.0 mg/mouse, containing 50 mg OVA per

mouse) on days 4 and 11 (booster injection) aer E.G7-OVA cell

transplantation. Tumor sizes were measured and calculated as

previously mentioned.

In vivo CTL assay

The in vivo assay was performed on C57BL/6 mice seven days

aer the vaccination according to the previous protocol with

slight modication.27 Splenocytes from naive C56BL/6 mice

were collected and pulsed with either 10 mM OVA257–264 peptide

or 1640 complete media at 37 �C for 2 h. The OVA257–264 peptide-

pulsed cells or 1640 complete media treated cells were labeled

with 4 and 0.4 mM CFSE, respectively. Equal amounts of CFSE-
high (peptide-pulsed cells) and CFSElow (media-treated cells)

were mixed and injected intravenously into the control or

immunized mice. Aer 18 h, splenocytes from these treated

mice were collected and subjected to ow cytometry analysis.

The numbers of CFSEhigh and CFSElow were counted, and the in

vivo OVA257–264 specic lysis percentage was calculated accord-

ing to a published equation:

% specific lysis ¼
fCFSElow � x� CFSEhighg

CFSElow � x

where x ¼
CFSEhigh

CFSElow
from naive mice.

Immunouorescence in tumor

Briey, 15 mm-thick sections at intervals of 100 mm were ob-

tained using a freezing microtome (Leica, Germany) and

mounted on poly-L-lysine-coated slides. The sections were

washed in PBS and then blocked with 10% goat serum at room

temperature for 1 h. CD8+ T cells were dened using FITC-

conjugated rat-anti-mouse CD8a antibody (BioLegend, San

Diego, CA). MDSCs were dened using FITC-conjugated rat-

anti-mouse CD11b antibody and APC-conjugated rat-anti-

mouse Gr1 antibody (BioLegend, San Diego, CA). The nuclei

were stained with DAPI. Images were taken using confocal

laser-scanning microscopy (Zeiss, Germany). To further eval-

uate the antitumor effect of YSL-OVA formulations on the

animals, the tumors were xed with 4% (v/v) para-

formaldehyde in PBS (pH 7.4) and sectioned into 15 mm slices.

Apoptotic and non-apoptotic cells in tumor tissues were

histologically evaluated with hematoxylin and eosin (H&E)

staining and with a terminal deoxynucleotidyl transferase-

mediated nick end labeling (TUNEL) assay, using a commer-

cial apoptosis detection kit (Roche). TUNEL-positive

(apoptotic) cells had pyknotic nuclei with red uorescent

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 3494–3506 | 3497
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staining. Images of the sections were taken with a uorescence

microscope (Nikon, Tokyo, Japan).

Flow cytometric evaluation of single-cell suspensions in

tumor and spleen

Tumor-inltrating and splenic lymphocytes were analyzed by

ow cytometry. In brief, tumor and spleen tissues were har-

vested and digested with collagenase D and DNase I at 37 �C

for 60 min. Aer lysis of the red blood cells (RBCs), the

dissociated cells were dispersed in 2 mL of PBS. The tumor

inltrating CD8+/CD4+ T cells and MDSC (CD11b+Gr1+) cells

were stained with the following uorescence-labeled anti-

bodies: PE/Cy7-CD3 antibody, FITC-CD4 antibody, Percp-CD8a

antibody, FITC-CD11b and APC-Gr1 antibody, respectively.

Meanwhile, to test the effect of YSL-OVA on the proportion of

CD4+/IL-4+/IFN-g+ cells in the splenocytes, the cells (5 � 106)

were incubated with or without 10 mM OVA at 37 �C for 24 h.

Fig. 2 Characterization of YSL particles and uptake by BMDCs. YSL particles were obtained by direct assembly of LDH on the surface of yeast

shell particles in a single step. (a) The morphologies of LDH (I), yeast shell (YS) (II) and YSL (III and IV) were observed by TEM. (b) Zeta potential of

yeast shell, LDH and YS-LDH. (c) YSLs were incubated with FAM-OVA for 30 min at RT to prepare YSL-OVA, and their images were obtained by

CLSM. (d) BMDCs were incubated with YSL-OVA for 4 hours and then imaged by confocal laser scanning microscopy. (e and f) BMDCs were

incubated with YSL-OVA at 37 �C for different times. The mean fluorescence intensity (MFI) of BMDCs was detected with a flow cytometer.
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Brefeldin A (BioLegend, 1 : 1000 dilution) was added to

prevent extracellular secretion, and the cultures were incu-

bated for a further 4 h. Splenocytes were resuspended in

staining buffer and incubated with the antibodies against CD3

(PE/Cy7-labelled), CD4 (FITC-labelled), IL-4 (PE-labelled) and

then IFN-g (APC-labelled). Proportions of CD4+/IFN-g+ cells

and CD4+/IL-4+ in CD3+ T cells were determined by BD Arial III

ow cytometry (BD, USA).

To test the ability of YSL-OVA to stimulate the production of

OVA-specic cytokine in mouse spleen, the splenocytes (5 � 106

per well) from immunized mice were incubated with or without

OVA (20 mM) in 24-well culture plates at 37 �C for 72 h. The

culture supernatant was collected and the concentration of IFN-

g, IL-10, IL-17A, TNF-a and IL-6 was determined by a LEG-

ENDplex™ Mouse Proinammatory Chemokine Panel Mix

(BioLegend, San Diego, CA).

Safety evaluation

C57BL/6 mice were injected subcutaneously with PBS or YSL,

and the blood of the mice was collected at 6 h, 24 h, 4 days and 7

days post administration. Concentrations of IL-6 were assayed

by ELISA (Neobioscience, China). At the same time, white blood

cell, red blood cell and platelet counts from the blood were

detected using Blood Routine. Several biological markers for

liver/kidney/heart function were measured from the blood

samples: alanine transaminase (ALT), aspartate transaminase

(AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN)

and lactate dehydrogenase (LDH).

Statistical analysis

Data were analyzed by one-way analysis of variance, followed by

multiple comparisons using Tukey's test in GraphPad Prism 6

Fig. 3 Intracellular tracking and cross-presentation efficiency of YSL-OVA in BMDCs. (a) Six day-cultured BMDCs were incubated with YSL-OVA

at ratio 10 : 1 (YS : cell). The cells were imaged by confocal laser scanning microscopy at 4, 8 and 12 h. The OVA was labeled with FAM and phgo/

lysosomal were labeled with red LysoTracker. The cell nuclei were stained with DAPI. The scale bars represent 5 mm. (b and c) Immature BMDCs

were incubated at 37 �C for 24 h with free OVA, LDH-OVA (ratio ¼ 16 : 1) or YSL-OVA (containing 106 YS) over the indicated OVA concentration

range, then RF33.70 cells were co-incubated with dendritic cells at a ratio of 5 : 1 for 24 h. (b) The expression of SIINFEKL-MHCI+ of DCs was

detected by flow cytometry. (c) The amount of IL-2 from activated RF33.70 T hybridoma cells was determined by ELISA.
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soware. Differences were considered signicant at *p < 0.05,

**p < 0.01, and ***p < 0.001.

Results and discussion
Preparation and characterization of the biomimetic YSL

particles

The glucan particles were characterized by their ellipsoidal

“wrinkled pea” morphology and irregular delineation with

protein and DNA removed by consecutive alkali and acid treat-

ments (Fig. S1†). Clay LDH nanoparticles were prepared as in

a previous report.28 TEM results and laser diffraction measure-

ment showed that clay LDH nanoparticles were around 100 nm

in diameter with a zeta-potential of +35.0 � 1.5 mV (Fig. 2aI and

b), and the yeast shell (YS) had an average diameter of 2–4 mm

with a zeta-potential of �18.0 � 0.6 mV (Fig. 2aII and b). Hence,

the positively charged LDH nanoparticles were absorbed onto the

negatively charged yeast shell via Coulomb force. Accordingly,

the zeta potential of the YSLs increased from �18 mV to +40 mV

aer the LDH nanoparticles were absorbed on the surface of YS.

The morphology of the prepared YSL particles was further

observed via TEM. Similar to the original YS particles, TEM

results showed that YSL had a uniform particle size of approxi-

mately 2–4 mm (Fig. 2aIII and IV). Moreover, the naked yeast cell

wall had a smooth surface, whereas the YSL surface exhibited

numerous LDH nanoparticles (Fig. 2aIV), which increased the

antigen loading capability due to the large specic area and

positive charge on their surface.

YSLs promoted the uptake of antigen via BMDCs

As shown in Fig. 2c, confocal laser scanning microscopy (CLSM)

results showed that the OVA protein was intensively absorbed

on the surface of the YSLs, which simulated the dense and

repetitive antigen distribution on the surface of natural micro-

organisms. Yeast shell, mainly made of b-glucan that is a danger

signal for APCs, may mimic a pathogen structure to induce the

phagocytosis of antigens by APCs. LDH with a high antigen-

loading capacity facilitates antigen delivery to APCs, and

induces antigen endosome escape and cross-presentation.24

The LDH contents determined in YSL particles were 30 � 2.1%,

and the loading capacity was determined by measuring the

remaining protein in the supernatant with BCA, and a loading

capacity of approximately 10% (100 mg OVA protein/1 mg YSL-

OVAs) was obtained with this simple mixing procedure. When

YSLs were incubated with BMDCs, a large number of YSL-OVA

particles were swallowed by the BMDCs (Fig. 2c and d). YSL-

OVA particle uptake by BMDCs was further quantied with

the mean uorescence intensity (MFI) of FAM using ow

cytometry at 0.5, 1, 2, 4, 8, 12, and 24 h, respectively (Fig. 2e and

f). The YSL-loaded OVA were phagocytosed by BMDCs at an

extremely high rate aer 30 min, and over 300-fold uptake of

YSL-OVA at 1 h was observed in BMDCs compared with the

uptake of free OVA. Moreover, OVA remained in the cell for

more than 24 hours. These results suggested that YSL particles

greatly enhanced the intracellular delivery of OVA to DCs

(Fig. 2f). It is worth mentioning that the phagocytized YSLs

Fig. 4 BMDC maturation and cytokine production stimulated by YSL-OVA particles. (a) BMDCs were incubated with free OVA, LDH-OVA, YSL

and YSL-OVA (YSL : cell ¼ 10 : 1) at 37 �C for 48 h, the cells were stained with anti-mouse CD40, MHCII, CD80 and CD86 antibodies, and the

expression levels of co-stimulatory molecules were analyzed by flow cytometry. (b) The levels of IL-6, TNF-a, IFN-g and IL-12 in the supernatant

were measured by ELISA. Data shown are the mean � SD (n ¼ 4), *p < 0.05, **p < 0.01, ***p < 0.001.

3500 | Nanoscale Adv., 2020, 2, 3494–3506 This journal is © The Royal Society of Chemistry 2020

Nanoscale Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

6
 J

u
n
e 

2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 1

2
:5

2
:1

4
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0NA00249F


exhibited little inuence on the viability of BMDCs (Fig. S2†),

although drastic internalization occurred.

YSL vaccine promoted DC cross-presentation and stimulated

antigen specic CD8 T cell activation

To further investigate the intracellular tracking of YSL, the OVA

was labeled with the green uorescence dye FAM. Aer incubating

YSL-OVA with BMDCs at a ratio of 10 : 1 (YSL : cell) for 2 h, the

phagosomes were labeled with LysoTracker and stained by LAMP-

1. The confocal laser scanning microscopy results showed that

most YSLs were co-localized with lysosomes aer 2 h of incubation

(Fig. 3a and S3†). Interestingly, when the incubation time was

extended, the lysosomes gradually disappeared from 4 to 8 h

(Fig. 3a), which is consistent with a previous report that LDH

signicantly neutralized endosomal and lysosomal acidity in cells

through partial dissolution, leading to quick lyosomal escape.24

Next, we evaluated whether YSL-OVA-induced DC activation

could stimulate antigen specic CD8 T cell proliferation.

Compared with DCs pulsed with soluble OVA, DCs treated with

LDH-OVA more efficiently presented epitope peptides (SIIN-

FEKL, OVA257–264) via the major MHC I-restricted pathway

(Fig. 3b), suggesting that the LDH-mediated intracellular traf-

cking pathway induced effective cross-presentation. Surpris-

ingly, YSL-OVA particles exhibited the most robust upregulation

of the SIINFEKL-MHC I complex at an OVA concentration from

0.05 to 0.5 mg mL�1 which is 100-fold less than that of free OVA,

demonstrating efficient antigen delivery and dispersion in the

cytoplasm mediated by YSLs (Fig. 3b).

To detect the effect of stimulated DC on CD8 T cell activa-

tion, DCs pulsed with various. OVA vaccines were incubated

with murine T cell hybridoma cells which recognize OVA257–264

(RF33.70), and the resultant IL-2 concentration in the super-

natant was measured. As shown in Fig. 3c, LDH-OVA and free

OVA solutions elicited only weak T-cell proliferation at

concentrations of 10 mg mL�1 and 50 mg mL�1, respectively. As

expected, DCs incubated with YSL-OVA particles signicantly

improved T cell stimulation even when the OVA concentration

was much lower, demonstrating that the yeast shell and LDH

synergistically induced effective CD8 T activation.

YSL particles potently activated DCs

We next evaluated the effect of YSL on DC activation and

maturation. Yeast shell strongly activated DC maturation by the

interaction of b-glucan with TLR-2, TLR-6 and dectin-1.29 The

ow cytometry results in Fig. 4a show that co-stimulatory

molecules CD40, CD80 and CD86 and the MHC II level were

signicantly upregulated in the YSL-OVA and YSL-treated

groups. However, LDH-OVA did not increase the expression of

these markers. CD40 and CD80/86 provide the costimulatory

signals necessary for T-cell activation and survival,30 while MHC

Fig. 5 Local antigen preservation and immune response at injection sites. C57BL/6 mice were subcutaneously injected with the indicated

formulations. (a) OVA was labelled with Cy5. Fluorescent intensity of antigen persistence was detected over the indicated time. (b and c)

Inflammatory cytokines level of TNF-a (b) and IL-6 (b) at injection sites. (d) Flow cytometry analysis of SIINFEKL-MHCI+ of recruited DCs 48 h post

administration in draining lymph nodes. (e) The monocyte infiltration at the injection site 48 h after administration. The antigen depots were

sectioned and then dyed with H&E. Scale bar is 200 mm. Data shown are the mean � SD (n ¼ 4), *p < 0.05, **p < 0.01, ***p < 0.001.
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II is involved in antigen presentation to CD4 activation,

beneting the activation of B cells and CD8 T cells.31,32

Inammatory cytokines such as TNF-a, IL-6, IFN-g, and IL-12

play an important role in the immune reaction. Cytokine

secretion of the DCs stimulated by YSL-OVA and YSL were

measured by ELISA. Aer incubation with the particles for 48 h,

the YSL-OVA or YSLs greatly enhanced the levels of secreted

TNF-a, IL-6, IFN-g and IL-12 in the cell supernatant (Fig. 4b),

suggesting that YSLs were favorable stimulators for the Th1 and

Th2 immune response.

Antigen preservation and APC trafficking of YSL vaccine in

vivo

To investigate the in vivo fate of antigens on YSL, the same

amounts of Cy5 labeled OVA (20 mg Cy5-OVA) in all formulations

were subcutaneously injected into the groins of the mice. As

shown in Fig. 5a, the uorescence signal of free Cy5-OVA was

nearly undetectable at 24 h aer administration, while the

uorescence intensity of LDH-OVA and YSL-OVA remained

strong at the injection site 48 h aer injection. Cy5-OVA was

rapidly released from YSL-OVA particles in the early phase, with

56.6 � 6.7% remaining in the depot aer 48 h, then released

slowly with 20% � 3.3% remaining in the depot aer 14 d, and

was cleared aer 21 d, whereas the Cy5-OVA was very slowly

released from the agglomerates formed by LDH, with 89.2% �

2.1% at 48 h and 57.6 � 3.1% at 21 d remaining in the depot,

suggesting that antigen delivered by YSLs could avoid antigen

rapid degradation and diffusion with maximum antigen utili-

zation during the vaccinized term.

The inammatory factors in the antigen depots are vital to

activate APC maturation,33 and the secretions of TNF-a and IL-6

were signicantly increased by YSLs to 185.8 � 15.6 pg mL�1

and 201.8 � 11.5 pg mL�1 in the YSL-OVA vaccine depot,

respectively (Fig. 5b and c), indicating that YSL created a pro-

inammatory environment for triggering the potential

chemokine-driven inux of antigen-presenting cells. As a result,

Fig. 6 YSL vaccine prophylactically inhibits tumor growth in vivo. C57BL/6 mice were subcutaneously immunized with various vaccines, as

described in the text. Blood was withdrawn for analysis of humoral and cellular immune responses seven days after the secondary immunization.

(a) ELISA results of the OVA-specific antibody titers. (b) Schematic showing the anti-tumor immunity in a prophylactic tumor model. (c and d)

YSL-OVA immunization protected mice from challenge with E.G7-OVA tumor. C57L/B6 mice were s.c injected with 1 � 106 E.G7-OVA tumor

cells 14 days after the last immunization. Tumor volume (c) and the survival time of tumor-bearing mice (d) were measured. Data shown are the

mean � SD (n ¼ 8), *p < 0.05, **p < 0.01, ***p < 0.001.
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many more APCs were distinctively recruited to the YSL-OVA

vaccination site compared to those of free OVA or LDH-OVA

(Fig. 5e). Furthermore, in vivo tracking showed that aer their

activation by the YSL-OVA vaccine, the antigen primed DCs

more efficiently migrated to the draining lymph nodes (LNs)

than those driven by solely OVA or LDH-OVA groups (Fig. 5d),

where DC can interact with T cells, promoting stronger antigen-

specic CTL responses.

We also investigated the biosafety of YSL by detecting the

physiological characteristics in mice during 7 consecutive days.

The results showed that the IL-6 level in the serum from YSL

vaccination signicantly increased compared with the control

at an early stage (6–24 h), but then reached the normal range

aer 4 days (Fig. S7†). Meanwhile, the blood routine analysis

demonstrated that there was no signicant difference between

YSL and control on the number of white blood cells, red blood

cells and platelets. Hepatic, renal and cardiac function were

further evaluated using the serum of mice aer treatment. No

signicant difference was observed for the levels of biochemical

parameters AST, ALT, ALKP, BUN and LDH (Table S2†), sug-

gesting that YSL particles have a certain biosafety in vivo.

YSL-OVA vaccine as a prophylactic vaccine inhibited tumor

cell growth in vivo

We next examined the ability of the YSL-OVA particles to induce

antigen-specic immune responses in vivo. An ideal cancer

vaccine delivery system should effectively activate CD8+ as well

as CD4+ T cells to promote the activation of CTLs and B cells,

respectively.34,35 As shown in Fig. 6a, YSL-OVA particles induced

robust antigen specic total IgG titers, with strong preference

Fig. 7 YSL vaccine exerts robust therapeutic effects towards E.G7-OVA lymphoma. (a) Mice were inoculated with 1 � 106 E.G7-OVA lymphoma

cells on day 0. Animals were injected subcutaneously with different vaccine formulations on days 4 and 11. Tumor volumewasmonitored every 2

days and calculated. (b) The tumor inhibition ratio was calculated based on the weight of the tumor at the end of the tests. CD11b+/Gr1+ MDSC

cells (c and d) and CD8+ T cells (e and f) in tumor tissues were assayed with immunofluorescence staining and flow cytometric analysis. (g and h)

Flow cytometry evaluation of the cellular immune responses in the tumor by means of the frequency of IFN-g-secreting CD8+ T cells in the

tumor. Results are shown as mean � SD (n ¼ 7), *p < 0.05, **p < 0.01, ***p < 0.001.
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for subtypes IgG1 and IgG2a. Compared with YSL-OVAs, LDH-

OVA also triggered a strong IgG titer. However, a bias towards

IgG1 and almost no IgG2a titers were observed aer immuni-

zation. Since the antibody IgG2a isotype is supposed to be

a marker of Th1 type immune responses, our results indicated

that YSL-OVAs induced strong humoral and Th1-type immune

responses. To further assess the immune protection, mice were

subsequently challenged with E.G7-OVA lymphoma cells 14

days aer the prime-boost immunization. In all groups, YSL

alone showed a slight anti-tumor effect, suggesting a benet

from the activation of innate immune cells. Excitingly, the

average tumor volume in mice vaccinated with YSL-OVA was

considerably smaller than that in the other groups at all time

points (Fig. 6c), whereas LDH-OVA did not exert an obvious

immune protection by its Th2 bias immune response in the

prophylactic vaccine model. Accordingly, YSL-OVA signicantly

increased the survival of mice compared with other vaccines

(Fig. 6d).

YSL-OVA particles exerted robust therapeutic tumor effects

We next assessed the therapeutic efficacy of YSL-OVA towards

established tumors. Mice were inoculated with 1 � 106 E.G7-

OVA lymphoma cells and vaccinated with the indicated

formulations on days 4 and 11. As shown in Fig. 7a, b and S4,†

the LDH-OVA and YSL-OVA groups signicantly delayed the

tumor growth relative to free OVA treatment. Among all groups,

maximum tumor growth inhibition up to �91.8% was achieved

by YSL-OVA vaccination. These results demonstrated that LDH

and yeast shell exerted synergistic action on anti-tumor efficacy.

Tumor tissues from PBS, YSL and OVA treated groups

appeared hypercellular and exhibited nuclear polymorphism,

while the tumor tissues from the mice vaccinated with YSL-OVA

displayed bulk necrosis and acellular regions (Fig. S5a†). The

TUNEL apoptosis assay also showed the highest level of cellular

apoptosis in the YSL-OVA treated group (Fig. S5b†). These

results indicated that the YSL-OVA vaccine induced the most

efficient immune response relative to other groups.

YSL-OVA vaccine changed the populations of immune cells in

a tumor

To examine the effect of YSL-OVA particles on the proportions of

immune cells in a tumor, the mice were vaccinated with various

vaccine formulations, and the tumors were extracted 21 days

aer immunization. The inltrating CD8+T and immune

inhibitory MDSCs were analyzed by immunouorescence and

ow cytometry, respectively. LDH-OVA and YSL-OVA treatments

signicantly increased the CD8+ T cell level in the tumor, as

shown in Fig. 7c and d (2.74% and 6.68%, respectively). More-

over, as a prerequisite for cellular immunity, YSL-OVA induced

the highest proportion of IFN-g-secreting CD8+ T cells (4.41%,

Fig. 8 YSL vaccine induces both CD8+ and CD4+ T cell anti-tumor immunity. (a) Splenocytes from naive mice were pulsed with PBS or OVA

peptide (SIINFEKL) and stained with low (PBS) or high (OVA) concentrations of CFSE, respectively. The cells were thenmixed and injected i.v. into

the vaccinated mice. After 18 h, splenocytes from the vaccinated mice were analyzed by flow cytometry and enumerated according to

a published equation. (b–e) Splenocytes were isolated from various vaccinated mice and pulsed with OVA protein or medium for 72 h. The cells

were then collected and stained with antibodies against IFN-g+ CD8+ (b), IFN-g+CD4+ (c) and IL-4+CD4+ (d), and then detected by flow

cytometry. (e) The release profiles of the representative cytokines for the T helper cells, IFN-g, TNF-a, IL-10, IL-6 and IL-17A, in the supernatant

were detected using ELISA kits, respectively. Results are shown as mean � SD (n ¼ 4). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 7g and h) compared with other groups. In tumor-bearing

hosts, myeloid-derived suppressor cells (MDSCs) play impor-

tant roles in immune suppression, and the reversal of their

function is vitally important for the success of an immune

therapy.36 Treatment groups that received YSL-OVA treatment

showed a signicant drop in the presence of intratumoral

MDSCs compared with the other groups in Fig. 7e and f (5.16%,

P < 0.05), indicating the ability of YSL-OVA vaccine to improve

the tumor's immune suppression.

YSL-OVA vaccine induced robust CTL and Th1/Th17 mix

cellular immune responses

In the therapeutic tumor model, cellular immune responses are

essential for cancer therapy, so we then assessed the antigen-

specic CTL responses in the vaccinated mice using an in vivo

CTL evaluation method. Mice treated with PBS, YSL or free OVA

did not exhibit any noticeable OVA-specic CTL response. In

contrast, mice treated with LDH-OVA and YSL-OVA efficiently

eliminated �57.6% and 64.9%, respectively, of OVA peptide-

pulsed target cells, compared with OVA alone (9.2% � 2%, p <

0.01) (Fig. 8a and S6†).

We next investigated the cellular immune responses evoked

by YSL-OVA vaccine via measurement of CD8 and CD4 T cell

activation. The ow cytometry results in Fig. 8b showed that

LDH-OVA and YSL-OVA treatment signicantly increased the

proportion CD8+/IFN-g+ cells by 400% and 569%, respectively,

compared with the free OVA group. Moreover, YSL-OVA also

induced robust cellular immune reactions with a higher pop-

ulation of IFN-g- and IL-4-secreting CD4+ T cells than the other

vaccines (Fig. 8c and d), demonstrating that YSL-OVA rapidly

induced potent Th1- and Th2-mediated responses. However,

the LDH-OVA treatment did not exhibit any noticeable OVA-

specic CD4+ T response. Accumulating data demonstrates

that Th17 cells play an important anti-tumor role, particularly in

the immune responses with combined Th1/Th17 responses and

IFN-g production.5,37,38 Interestingly, the data in Fig. 8e showed

that the YSL-OVA group signicantly induced IL-17 production,

further indicating potent Th1-, Th17- and Th2-mediated

responses induced by YSL-OVA, indicating that YSL-OVA

vaccine exerted comprehensive immune responses.

Conclusion

In summary, we have here developed a facile, green synthesis of

a yeast shell-LDH hybrid particulate system as a vaccine carrier

to co-deliver antigen and adjuvant by mimicking the

morphology and danger signals on a natural microorganism

surface, enhancing antigen loading capacity and stimulating an

immune response. Their optimal size and surface characteris-

tics help YSL particles specically target APCs, strongly

inducing DC maturation and cytokine secretion. The system

enhanced antigen cross-presentation elicited strong CTL and

Th1/Th17 activity, and stimulated intense humoral and cellular

immune responses, as well as prophylactic and therapeutic

effects against tumors. YSL as a general platform can be used

for the preparation of cancer vaccines and other types of

vaccines to stimulate strong humoral or cellular immune

responses.
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