
 

 

 

 

 

 

 

Development of immunotherapy using 
antigen-loaded multifunctional small 

extracellular vesicles 

（要約版） 

 

 

     

 

 

         

 

2021 
     

         

 

 

 

 

LIU WEN       

 

 



 

 



 1 

Preface 

 

Extracellular vesicles (EVs) are released by cells of almost all types of living 

organism including human, animal, plant, and microorganism. Release of EVs have a 

wide range of significant physiological consequences[1–4]. Small EVs of membrane 

blebs were first identified as being produced by maturing reticulocytes[5]. Since then, 

research has progressed gradually, and in 2007, it was reported that EVs can deliver 

mRNAs and miRNAs that they carry, which has led to a significant development in EV 

research[6]. 

As researchers study EVs more intensively, more and more subpopulations of EVs 

were discovered[7]. According to minimal information for studies of extracellular 

vesicles 2018 (MISEV2018) guidelines published by international society of 

extracellular vesicles[8], EV subtypes can be differentiated by their physical 

characteristics such as size (small EVs: < 100nm or < 200nm, or large EVs and/or 

medium EVs: > 200nm). Particularly, small EVs (sEVs), also called as exosomes in the 

earlier studies, enclose endogenous proteins and nucleic acids derived from their cells 

of origin and play important roles as carriers in cell−cell communication by delivering 

enclosed cargo to recipient cells[9,10]. Because of their intrinsic nature as endogenous 

delivery carriers, sEVs are considered as a novel and promising candidate of drug 

delivery system (DDS). 

There are many other lipid-based nano-sized delivery systems such as liposomes, 

which have a lengthy and well-studied history in drug delivery research[11,12]. 

Compared to liposomes, sEVs contain endogenous biological molecules (RNAs and 

antigens). Moreover, exogenous antigens or functional molecules can be loaded to sEVs 

by genetic engineering to enable preparation of multifunctional sEVs [13]. These 

unique properties of sEVs would be the rationale for the development of antigen-loaded 

multifunctional sEV-based immunotherapy. 

For immunotherapeutic application of sEV, antigen loading, delivery to immune 

cells (especially dendritic cells (DCs) and activation of the immune cells are important 

factors. In this thesis, I investigated the effect of modifying endogenous antigen-

containing sEVs with CD40L, a peptide ligand with DCs-directing and 

immunostimulatory properties. Moreover, to create more types of multifunctional sEVs, 
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I explored the possibility of loading exogenous antigens onto the sEVs. Since the 

exogenous antigens can be loaded onto the outside or inside of the lipid bilayer of sEVs, 

I investigated the effects of antigen localization on the efficiency of antigen 

presentation by sEVs-engulfed immune cells. After optimizing the loading method of 

exogenous antigens, I attempted to construct multifunctional sEVs by modifying the 

adjuvant to the antigen-loaded sEVs and evaluated the possibility of using it to treat 

allergic rhinitis. 
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I-1 Introduction  

Tumor-derived small extracellular vesicles (sEVs), which contain endogenous 

tumor antigens, are anticipated to be used as a source of tumor antigens to induce tumor 

antigen-specific immune responses without the requirement for the identification of a 

particular tumor antigen[14–16]. 

In inducing anti-tumor immune response by using endogenous tumor antigens 

containing sEVs, they need to be taken up by dendritic cells (DCs), which are antigen 

presenting cells. DCs can then process and load tumor antigens on to MHC class I 

molecules for presentation to CD8+ T cells through the process known as cross 

presentation[17]. The efficiency of cross presentation can be significantly enhanced by 

targeting antigens to receptors expressed on the DCs[18]. These receptors include c-

type lectins (e.g., DEC205, LOX-1), as well as non-lectin receptors such as CD40, 

mannose receptor, and integrins. It has been demonstrated that targeting CD40 is more 

efficient than targeting lectin receptors such as DEC205 and LOX-1 in the induction of 

antigen-specific CD8+ T cell responses[19,20].   

CD40, a costimulatory protein, is a member of the tumor necrosis factor (TNF)-

receptor superfamily. CD40 was initially found on the surface of B lymphocytes and 

was subsequently found to be expressed on the surface of monocytes, endothelial cells, 

and DCs. The CD40 ligand (CD40L), also known as CD154, belongs to the TNF 

superfamily and was first identified on activated CD4+ T cells[21]. CD40L can bind to 

CD40 expressed on DCs and activate them into fully competent antigen-presentation 

cells. CD40-CD40L interaction has been shown to play an important role in the 

induction of CD8+ T-cell immunity by DCs through IL-12 production and antigen 

presentation to CD8+ T-cells[22]. It was also reported that antigens taken up by DCs 

via CD40-mediated endocytosis tend to be retained in the early endosome, so that 

antigens are prevented from rapid degradation by the lysosome. The antigens taken up 

via CD40-mediated endocytosis are efficiently transported into the cytosol for 

proteasomal degradation and MHC class I presentation due to minimal degradation in 

the lysosome[23].  

In this chapter, tumor cells-derived sEVs were modified with CD40L (CD40L-

sEVs) for the effective induction of tumor-specific immune responses. It was 

hypothesized that tumor cells-derived sEVs modified with CD40L were targeted to the 

early endosome of DCs and the modified sEVs can generate a powerful stimulatory 
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signal to activate DCs through CD40-CD40L interactions. Murine melanoma B16BL6 

tumor cells were used as model sEVs-producing cells and B16BL6-derived sEVs were 

modified with CD40L-LA, a fusion protein of CD40L and sEV tropic protein 

lactadherin (LA). To investigate whether CD40L modification can target DCs and 

activate them, the uptake and intracellular fate of CD40L-sEVs by DCs were evaluated. 

The amount of cytokines such as IL-12 and TNF-α released from the DCs and the 

expression of CD80 on the surface of DCs with sEVs were also evaluated. An antigen 

presentation assay was performed in order to estimate the antigen presentation ability 

of DCs with CD40L-sEVs.   

 

I-2 Materials & Methods 

Mice and cells. 

Eight-week-old male C57BL/6 mice were purchased from Japan SLC, Inc. 

(Shizuoka, Japan). Protocols for all animal experiments were approved by the Animal 

Experimentation Committee of the Graduate School of Pharmaceutical Sciences, Kyoto 

University. Murine melanoma B16BL6 cells were obtained from the Riken BRC 

(Tsukuba, Japan) and cultured in Dulbecco's modified Eagle’s medium (DMEM; Nissui 

Co., Ltd., Tokyo, Japan) containing 10 % fetal bovine serum (FBS) and 0.2 g/L of 

glucose. Mouse dendritic DC2.4 cells were kindly provided by Dr. K. L. Rock 

(University of Massachusetts Medical School) and cultured in 10 % FBS-containing 

RPMI 1640 (Nissui Co., Ltd., Tokyo, Japan), supplemented with 0.5 mM 

monothioglycerol and 0.5 mM non-essential amino acids. A mouse colon carcinoma 

cell line (colon-26) was obtained from the Cancer Chemotherapy Center of the Japanese 

Foundation for Cancer Research (Tokyo, Japan) and cultured in 10 % FBS-containing 

RPMI 1640 (Nissui Co., Ltd., Tokyo, Japan). BUSA14 cells (murine T cell hybridoma 

cells specific for melanoma antigen gp100) were a generous gift from Prof. L. 

Eisenbach (Weizmann Institute of Science, Rehovot, Israel) and cultured in 10 % FBS-

containing RPMI 1640 (Nissui Co., Ltd., Tokyo, Japan), supplemented with 0.5 mM 

monothioglycerol and 0.5 mM non-essential amino acids[24]. Mouse T-cell hybridoma 

CD8-OVA1.3 cells, generously gifted by Dr. C. V. Harding (Case Western Reserve 

University), were cultured in complete 10% FBS-containing DMEM, supplemented 

with 0.5 mM monothioglycerol and 0.1 mM nonessential amino acids. 
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Construction of plasmid DNA (pDNA). 

The coding sequence of LA was obtained as described in a previous report[25]. 

CD40L and FLAG coding sequences were synthetized by Fasmac Co., Ltd (Atsugi-shi, 

Kanagawa, Japan). The chimeric sequence of CD40L-LA with FLAG tag in the C-

terminal fragment of LA was prepared by using the 2-step PCR method. Information 

regarding the primers used to synthesize the fusion proteins used in this study will be 

made available upon request. The CD40L-LA-FLAG encoding fusion protein was 

inserted into the BamHI/Xbal site of the pcDNA3.1 vector (Thermo Fisher Scientific) 

to construct pCMV-CD40L-LA. 

 

Collection of sEVs. 

B16BL6 cells were transfected with the pCMV-CD40L-LA plasmid vector using 

PEI Max (Polysciences, Inc., Warrington, PA, USA) as described previously[26]. The 

supernatants of non-transfected and transfected cells were processed by sequential 

centrifugation (300 g, 10 min; 2,000 g, 20 min; 10,000 g, 30 min) followed by filtration 

through 0.2-μm syringe filters. The filtered sample was then ultracentrifuged for 1 h at 

100,000 g. The sedimented sEVs pellets were washed twice in phosphate buffered 

saline (PBS) and were resuspended in PBS. The sEVs amountss were estimated by 

measuring the protein concentrations using Bradford assay. The TEVs used in this study 

have been characterized previously[27]. 1 μg of TEV proteins contain approximately 

109 TEV particles. 

 

Western blot. 

After four freezing-and-thawing cycles, B16BL6 cell lysates were prepared by 

centrifugation at 15,000 g for 15 min to remove cell debris. The reduced sEVs or cell 

lysate samples (5 μg of protein) were loaded onto a 10% sodium dodecyl 

sulfate−polyacrylamide gel, and subject to sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride transfer 

membranes (Merck Millipore Corporation, Billerica, MA, USA). After blocking using 

the Blocking One reagent (Nacalai Tesque, Kyoto, Japan), the membranes were 

incubated with the following primary antibodies at 4 ℃ overnight: mouse anti-Alix 

antibody (1:200; Santa Cruz Biotechnology), rabbit anti-HSP70 antibody (1:1000; Cell 

Signaling Technology, Danvers, MA, USA), rabbit anti-CD81 antibody (1:200; Santa 
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Cruz Biotechnology, Dallas, TX, USA), rabbit anti-Calnexin antibody (1:1000; Santa 

Cruz Biotechnology), rabbit anti-Pmel17 (also was known as gp100) antibody (1:200; 

Santa Cruz Biotechnology) and mouse anti-FLAG M2 monoclonal antibody (1:1000; 

Sigma-Aldrich, USA), respectively. Then, the membranes were incubated with 

horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG antibody (1:2000 

dilution; Thermo Fisher, Waltham, MA, U.S.A.) or goat anti-rabbit IgG antibody 

(1:5000 dilution; Santa Cruz Biotechnology) for 1 h at 25 ℃. The membranes were 

reacted with Immobilon Western Chemiluminescent HRP substrate (Merck Millipore), 

and chemiluminescence was detected using the LAS-3000 instrument (FUJIFILM, 

Tokyo, Japan). 

  

Transmission electron microscopy and particle size distribution of sEVs. 

sEVs were treated with an equal volume of 4% paraformaldehyde (Nacalai Tesque, 

Kyoto, Japan) in PBS. The treated samples were then applied to a transmission electron 

microscope (TEM)-grid film coated with Carbon/Formvar (Alliance Biosystems, 

Osaka, Japan) and incubated at 25 ℃ for 20 min. The samples were fixed with 1 % 

glutaraldehyde for 5 min after washing with PBS. They were then stained with 1 % 

uranyl acetate for 5 min after being washed thrice in distilled water. The samples were 

observed using TEM (Hitachi H-7650; Hitachi High-Technologies). The particle size 

distribution of samples was evaluated by analyzing the obtained TEM images by 

ImageJ (Wayne Rasband National Institutes of Health, USA). 

 

Zeta potential of sEVs. 

sEVs (1 μg of protein) were mixed with distilled water. The suspension was added 

to a disposable folded capillary cell and a Zetasizer Nano ZS (Malvern Instruments, 

Malvern, U.K.) was used to determine the zeta potential of the sEVs. 

 

Fluorescent labeling of sEVs. 

The PKH67 green fluorescent cell linker kit was purchased from Sigma-Aldrich 

(St. Louis, MO, USA). The sEVs were resuspended in 200 μL of Diluent C and then 

treated with an equal volume of 2 μM PKH dye-containing Diluent C. The mixture was 

incubated for 5 min at 25 ℃. After stopping the reaction with 400 μL of 5 % bovine 

serum albumin (BSA)-containing PBS for 1 min at 25 ℃, the fluorescently labeled 
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sEVs were ultracentrifuged at 100,000 g for 1 h for washing and were resuspended in 

PBS.  

 

Cellular uptake of sEVs by cells. 

DC2.4 cells and Colon-26 cells seeded in 96-well-plates at a density of 5.0 × 104 

cells/well were cultured for 24 h at 37 ℃. PKH67-labeled sEVs were then added to the 

cells and incubated for 1, 2, 3, 4, 5, and 6 h at 37 ℃ and 4 ℃, respectively. The cells 

were then washed in PBS thrice and suspended in PBS. The cellular uptake of sEVs 

was evaluated by the Gallios Flow Cytometer (Beckman Coulter, Brea, CA, USA), 

according to the manufacturer’s instructions. Data were analyzed using the Kaluza 

software (Beckman Coulter). The mean fluorescent intensity (MFI) was calculated as 

an indicator of cellular uptake. 

 

Confocal Microscopy.  

DC2.4 cells were seeded onto glass coverslips at a density of 1.5 × 104 cells/well 

and incubated for 24 h. The culture medium was replaced with fresh medium and then 

sEVs labeled with GFP were added to the cells. After 4 h of addition of sEVs, the cells 

were washed with PBS and fixed with 4% paraformaldehyde for 20 min. The samples 

were then incubated for 10 min with PBS containing 0.25% Triton X-100 (Nacalai 

Tesque, Kyoto, Japan). After washing with PBS for 5 min, the cells were incubated with 

1% BSA and 22.52 mg/mL of glycine in PBST (PBS+ 0.1% Tween 20) for 30 min to 

block unspecific binding of the antibodies. The cells were then incubated in the diluted 

first antibody (anti-EEA1 antibody, 1:300, Abcam) in 1% BSA in PBST at 4°C 

overnight. Then the cells were incubated with the secondary antibody (Goat Anti-

Rabbit IgG H&L (Alexa Fluor647), 1:1000, Abcam) in 1% BSA for 1 h at room 

temperature in the dark. Finally, 300 nM 4′,6′-diamidino-2-phenylindole (DAPI) was 

added and the cells were incubated for 5 min. After washing with PBS, the coverslips 

were mounted using SlowFade Gold (Thermo Fisher Scientific) to prevent fluorescent 

fading. The prepared samples were observed using a confocal microscope (A1R MP, 

Nikon Instech Co., Ltd., Tokyo, Japan). The pictures were analyzed by NIS-elements 

(Nikon Instech Co., Ltd., Tokyo, Japan). 

 

Collection of bone marrow-derived dendritic cells (BMDCs). 
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To determine the antigen presentation capacity of sEVs, I collected BMDCs as 

described previously[28]. Briefly, bone marrow cells were isolated from C57BL/6 

mouse femurs and tibias and were filtered through a 40 μm cell strainer (BD Falcon, 

Franklin Lakes, NJ) to eliminate bone and debris. After filtration, bone marrow cells 

were suspended in 0.86 % ammonium chloride for 1 min to lyse erythrocytes; the 

remaining cells were cultured for 6 days in complete 10 % FBS-containing RPMI 1640, 

supplemented with 20 ng/ml recombinant murine GM-CSF (Peprotech, Rocky Hill, NJ). 

The culture medium was changed every 2 days. Finally, non-adherent cells were 

harvested and used as BMDCs.  

 

Cytokine release from BMDCs. 

The BMDCs were seeded in a 96-well culture plate at a density of 5 × 104 cells/well. 

After 24 h incubation at 37 ℃, sEVs suspended in Opti-MEM were added to each well. 

BMDCs treated with 1 ng/mL lipopolysaccharide (LPS, Sigma-Aldrich St. Louis, MO, 

U.S.A.) and Opti-MEM were alone employed as positive and negative controls, 

respectively. After incubation at 37 ℃ for 8 h, the culture medium was centrifuged at 

300 g for 3 min to collect supernatants. The concentrations of tumor necrosis factor 

(TNF)-α and IL-12 in the supernatant were evaluated by the mouse TNF-α and mouse 

IL-12p40 enzyme-linked immunosorbent assay (ELISA) OptEIATM sets (Pharmingen, 

San Diego, CA, USA) according to the manufacturer’s instructions. 

 

Flow cytometry analysis of CD80 expressed on the surface of BMDCs. 

The BMDCs were seeded in a 96-well culture plate at a density of 5 × 104 cells/well. 

After 24 h incubation at 37 ℃, sEVs suspended in Opti-MEM were added to each well. 

BMDCs treated with 1 ng/mL lipopolysaccharide (LPS, Sigma-Aldrich St. Louis, MO, 

U.S.A.) and Opti-MEM alone were employed as positive and negative controls, 

respectively. After incubation at 37 ℃ for 24 h, the BMDCs were washed twice in PBS 

and then collected. The BMDCs were incubated with the PE anti-mouse CD80 antibody 

(1:80 dilution; BioLegend, San Diego, CA.) for 20 min. After washing twice in PBS, 

the expression of CD80 on the surface of BMDCs was measured using the Gallios Flow 

Cytometer (Beckman Coulter, Brea, CA, USA), according to the manufacturer’s 

instructions. 
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Antigen presentation assay. 

The BMDCs were seeded in a 96-well culture plate at a density of 5 × 104 cells/well. 

After incubation at 37 ℃ for 24 h, sEVs were added to each well and then 1.5 × 105 

BUSA14 cells or CD8-OVA1.3 cells were added. BUSA14 cells co-cultured with 

BMDCs treated with mouse gp10025−33 (EGSRNQDWL; Anaspec Inc., Fremont, CA, 

U.S.A.) and Opti-MEM were used as positive and negative controls, respectively. CD8-

OVA1.3 cells co-cultured with BMDCs treated with OVA257-264 (SIINFEKL, InvivoGen, 

San Diego, CA) and Opti-MEM were used as positive and negative controls, 

respectively. After incubation for 24 h, the culture medium was centrifuged at 300 g for 

3 min to collect the supernatants. The concentration of IL-2 in the supernatant was 

measured using mouse IL-2 enzyme-linked immunosorbent assay (ELISA) OptEIATM 

sets (Pharmingen, San Diego, CA, USA), according to the manufacturer’s instructions. 

 

Statistical analysis. 

Statistical differences were evaluated using the Student’s t-test for a paired-

comparison and one-way analysis of variance (ANOVA) followed by the 

Tukey−Kramer multiple comparison test for multiple comparison. p < 0.05 was 

considered to be statistically significant.  

 

I-3 Results 

I-3-a CD40L-sEVs were successfully collected from B16BL6 cells transfected with 

pCMV-CD40L-LA plasmid DNA. 

sEVs were harvested from B16BL6 cells that had been transfected with a plasmid 

DNA encoding fusion protein consisting of CD40L, LA, and FLAG (Figure 1A). The 

sEVs

Control CD40L

Cell lysates

Control CD40L

CALNEXIN

HSP70

ALIX

GP100

CD81

CD40L-LA

(FLAG)

A

B

Signal peptide CD40L C1C2 domain (LA)N’ C’FLAG

Figure 1. Design of plasmid DNA encoding 

CD40L-LA and identification of CD40L 

modification on sEVs. (A) A fusion protein 

consisting of CD40L, LA and FLAG was designed. 

(B) Western blot analysis of Alix, HSP70, Calnexin, 

CD81, FLAG (CD40L-LA) and GP100 in sEVs and 

cell lysates of unmodified sEVs (control) and 

CD40L-LA (CD40L) transfected B16BL6 cells. 
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FLAG tag was fused with the CD40L-LA fusion protein for detection. The western blot 

analysis confirmed that sEV markers (Alix, HSP70 and CD81) were contained in the 

collected sEVs samples. As CD81, a member of transmembrane proteins, was not 

recovered in the cell lysate samples prepared by freezing-and-thawing cycles followed 

by centrifugation, CD81 was not detected in the cell lysates. The endoplasmic reticulum 

marker, calnexin, was not observed in the sEVs samples, indicating that the sEVs 

samples were not contaminated with cell debris. Furthermore, gp100, the melanoma 

antigen, was detected in the B16BL6 cells derived sEVs. Moreover, the FLAG tag was 

detected in CD40L-sEVs by Western blot analysis (Figure 1B), indicating successful 

modification of sEVs by CD40L. 

 

I-3-b CD40L modification hardly changed the physicochemical properties of sEVs. 

The particle size and morphology were assessed using the transmission electron 

microscope (TEM). The results (Figure 2A-B) revealed that the size and morphology 

of unmodified sEVs and CD40L-sEVs were almost identical. The zeta potential of 

sEVs was approximately -33mV, irrespective of CD40L modification (Figure 2C). 

Collectively, these findings demonstrate that modification by CD40L had little 

influence on the 

physicochemical properties of 

sEVs. 

 

 

I-3-c CD40L-sEVs were efficiently taken up by DC2.4 cells in a temperature-

dependent manner. 
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Figure 2. Characterization of 

CD40L-sEVs. (A) TEM images of 

sEVs and CD40L-sEVs. (B) 

Histograms of particle size distribution 

of sEVs and CD40L-sEVs obtained by 

analysis of TEM images. (C) Zeta 

potentials of sEVs and CD40L-sEVs. 

The results are expressed as means ± 

standard deviations (n=3). 
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To evaluate the effect of CD40L modification on the cellular uptake of sEVs by 

DCs, sEVs labeled with the green lipophilic fluorescent dye PKH67 were added to 

DC2.4 cells. The mean fluorescence intensity (MFI) values of DC2.4 cells treated with 

CD40L-sEVs were significantly higher than that of sEVs, indicating that CD40L 

modification enhanced cellular uptake of sEVs by DCs. Moreover, sEVs were hardly 

taken up by DC2.4 cells at 4°C (Figure 3A), which demonstrates that the internalization 

of sEVs by DCs is energy dependent. Additionally, colon-26 cells were selected as 

control cells because CD40, the receptor of CD40L is not expressed on the surface of 

colon-26 cells and colon-26 cells are non-immune cells. In the result of uptake 

experiment with conlon-26, there was no significant difference in the MFI values of 

colon-26 cells treated with sEVs and CD40L-sEVs (Figure 3B), indicating that the 

modification of CD40L specifically enhanced the uptake of sEVs by DCs.  

 

I-3-d CD40L-sEVs were mainly transported to the early endosome of DC2.4. 

After internalization by the DC2.4 cells, the intracellular fate of sEVs was observed 

by confocal microscope. GFP loaded sEVs were added to the DC2.4 cells, early 

endosome marker (EEA1: early endosome antigen 1) and late endosome marker 

(LAMP1: lysosomal-associated membrane protein 1) were stained with Alexa Fluor647. 

Pearson’s correlation (P) and Mander’s overlap (M) of red and green signal were used 

as colocalization parameters. As P (0.20) and M (0.31) of CD40L-sEVs and EEA1 was 

Figure 3. Uptake of CD40L-sEVs by 

DC2.4 cells and colon-26 cells. (A) 

Flow cytometric analysis of DC2.4 

cells after the addition of PKH67-

labeled sEVs and CD40L-sEVs at 

37 ℃ and 4 ℃. (B) 4 h after the 

addition of PKH67-labeled sEVs and 

CD40L-sEVs, flow cytometric analysis 

of Colon-26 cells at 37 ℃ and 4 ℃. 

Results are expressed as the mean ± 

standard deviation (n = 4). *P < 0.05 

compared with the other sEVs groups.  
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higher than P (0.07) and M (0.20) of sEVs and EEA1, CD40L-sEVs were transported 

to the early endosome of DC2.4 cells more efficiently than sEVs (Figure 4A-B). On the 

other hand, as P (0.38) and M (0.42) of sEVs and LAMP1 was higher than P (0.08) and 

M (0.12) of CD40L-sEVs and LAMP1, unmodified sEVs were transported to the late 

endosome more efficiently than CD40L-sEVs (Figure 4A-B). 

 

I-3-e BMDCs were efficiently activated by CD40L-sEVs. 

To evaluate whether CD40L modification can activate the DCs, the BMDCs were 

incubated with sEVs and CD40L-sEVs. Significantly higher concentrations of IL-

12p40 and TNF-α were observed in the CD40L-sEVs added group compared to the 

sEVs group (Figure 5A-B). Moreover, the number of BMDCs with high expression of 

the co-stimulatory molecule CD80 (B7), which can be regarded as highly activated 

BMDCs with fluorescence intensity of more than 102, was more in CD40L-sEVs group 

(~35 %) compared with sEV (~23%) (Figure 5C). 

sEVs CD40L-sEVs

EEA1

LAMP1

A

B sEVs CD40L-sEVs

EEA1 DAPI
sEVs

EEA1
CD40L-sEVs

DAPI

LAMP1 DAPI
sEVs

LAMP1 DAPI
CD40L-sEVs

P:0.07 M:0.20

P:0.08 M:0.12P:0.38 M:0.42

P:0.20 M:0.31

Figure 4. Intercellular fate of 

CD40L-sEVs after uptake of DC2.4. 

Confocal microscopy images of DC2.4 

cells with sEVs and CD40L-sEVs. 

Green, GFP (sEVs). Blue, DAPI 

(nucleus). (A) Red, Goat Anti-Rabbit 

IgG H&L (Alexa Fluor® 647), (early 

endosome). (B) Red, Goat Anti-Rabbit 

IgG H&L (Alexa Fluor® 647), (late 

endosome). P: Pearson’s correlation. 

M: Mander’s overlap. Scale bar = 10 

μm. 
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I-3-f BMDCs treated with CD40L-sEVs showed a higher MHC class I melanoma 

antigen presentation ability than those treated with unmodified sEVs. 

BUSA14 cells, T-cell hybridoma cells capable of recognizing both human and 

mouse melanoma antigen gp100 presented on MHC class I molecules, were co-cultured 

with BMDCs treated with sEVs and CD40L-sEVs. The concentration of IL-2 released 

from BUSA14 cells in the culture medium was evaluated as the indicator of antigen 

presentation efficiency. CD40L modification enhanced the level of IL-2 secretion from 

Figure 5. Activation of BMDCs by CD40L-sEVs. (A) IL-12p40 and (B) TNF-α secretion from BMDC 

cells after co-culture with Opti-MEM (NT), LPS, sEVs and CD40L-sEVs. *P < 0.05 compared with the 

sEVs group. The results are expressed as the mean ± standard deviation (n = 4). (C) Expression of CD80 

on the surface of BMDCs after the addition of sEVs, analyzed by flow cytometry.  
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BUSA14 cells co-cultured with BMDCs, indicating that the modification of CD40L 

significantly increased the ability of MHC class I melanoma antigen presentation of 

BMDCs treated with sEVs. On the other hand, in order to confirm the specificity of the 

response against melanoma antigen, I selected CD8-OVA1.3 cells, T-cell hybridoma 

cells capable of recognizing ovalbumin epitope presented on MHC class I molecules, 

as negative control T cells. B16BL6 cells derived sEVs and CD40L-sEVs were added 

to BMDCs and were co-cultured with CD8-OVA1.3 cells. There was no significant 

difference in IL-2 secretion from CD8-OVA1.3 cells between sEVs and CD40L-sEVs 

groups, indicating that CD40L-sEVs increased the ability of MHC class I melanoma-

specific antigen presentation of BMDCs. (Figure 6) 

 

I-4 Discussion 

Targeting antigens to DCs by fusing ligands of protein expressed on the surface of 

DCs with antigens was regarded as an effective approach to obtain strong immune 

response[29]. Herein, CD40L, the ligand of CD40 on the surface of DCs, was fused 

with the C1C2 domain of the lactadherin protein and CD40L-modified endogenous 

tumor antigen containing multifunctional sEVs were collected. The LA protein was 

selected to serve as an anchoring scaffold because of its high efficiency in 

Fig. 6. Antigen presentation ability of BMDCs treated with sEVs. BMDCs were treated with Opti-MEM, 

peptides (gp10025-33 for BUSA14 cells, OVA257-264 for CD8-OVA1.3 cells), sEVs and CD40L-sEVs. Then, 

BUSA14 cells and CD8-OVA1.3 cells were added, and the cells were cultured for 24 h. The IL-2 

concentration of the supernatants was measured. *P < 0.05 compared with sEVs group. The results are 

expressed as the mean ± standard deviation (n = 4). 
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modification[30]. The CD40L-LA fusion protein was tethered to the surface of sEVs 

and can target CD40 on the surface of DCs with little changes in the physical properties 

of sEVs (Figure 2). 

CD40L modification increased the uptake of sEVs by DCs. It is known that an 

CD40-bound antigen can be incorporated into recipient cells via endocytic 

pathway[31–33]. Almost all endocytic pathways are energy dependent processes, 

inhibited by low temperature[34]. Consequently, even though CD40L interacted with 

CD40 on the surface of DCs, the sEVs uptake level at 4°C was dramatically reduced, 

which confirmed the energy dependent uptake of CD40L-sEVs by DCs. On the other 

hand, if DCs internalized antigen by the CD40, the antigen is targeted towards a distinct 

pool of early endosomes[31]. It was reported that extracellular antigens targeted to early 

endosomes of DCs were processed and presented to T cells through the endosome-to-

cytosol pathway[23,35]. In this study, I obtained the same results as those in the 

previous research described above, by confirming the co-localization of the green signal 

of GFP labeled CD40L-sEVs and the red signal of early endosome maker EEA1, while 

did not co-localize with the red signal of late endosome marker LAMP1 (Figure 4).  

When CD40L-sEVs were incubated with DCs, the engagement of CD40 on the 

surface of DCs induced positive signaling that activated the NFκB pathway, resulting 

in the release of cytokines such as IL-12. As the production of IL-12 can increase Th1 

differentiation of CD4+ T cells[36] and the activated CD4+ T cells also possess 

CD40L[21], it is expected that activation of DCs by CD40L-sEVs can further activate 

the DCs to produce more immune activation cytokines such as IL-12 and IFN-γ to 

increase T cell-mediated immune responses[37].  

In the antigen presentation assay, it was indicated that DCs treated with CD40L-

sEVs showed an ability to present tumor antigen to CD8+ T cells through MHC class I 

molecules (Figure 6). The reasons could be: (1) the enhanced presentation activity of 

DCs activated by CD40 signaling. Costimulatory molecules and MHC class I 

expression in DCs are upregulated by the interaction of CD40 and CD40L, which 

enhances the antigen presentation ability of DCs[38] (2) increased uptake of sEVs with 

CD40L modification by DCs through endocytosis via CD40, a surface receptor on the 

DCs[31]. Moreover, it was reported that proteins taken up by CD40-mediated 

endocytosis were mainly found in early endosome, which did not undergo rapid fusion 

with lysosome, and which prevented antigens from lysosomal degradation[19]. 
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Therefore, the retention of CD40L-sEVs taken up by DCs in early endosome might 

contribute to the enhanced MHC class I presentation of tumor antigens via cross-

presentation pathway. On the other hand, as CD8-OVA1.3 cells, T-cell hybridoma cells 

capable of specifically recognizing OVA, did not release IL-2 when co-cultured with 

BMDCs treated with CD40L-sEV, CD40L-sEV is capable of specifically inducing 

melanoma derived antigen such as gp100. 

 To prepare an effective and safe vaccine, tumor antigen loading, antigen delivery 

system and adjuvant are considered as three necessary components of vaccine 

research[39]. In this study, sEVs were selected as tumor antigen carrier because they 

contain inherent endogenous tumor antigen so that usage of sEVs can exclude the 

cumbrous process of tumor antigen preparation[14–16]. Moreover, modification of 

CD40L has double function including improvement of delivery efficiency to the DC 

and adjuvant function. Even though there are some further research such as the 

experiment to estimate whether the effect by CD40L modification on delivery 

efficiency and adjuvant activity is effective enough to induce strong anti-tumor immune 

response, should be done, it is no doubt that CD40L modification of sEVs will be 

helpful for the development of endogenous tumor antigen containing sEVs-based tumor 

vaccination. 

 

I-5 Summary of chapter 1 

Chapter 1 demonstrated that endogenous tumor antigen containing sEVs modified 

with CD40L were efficiently taken up by DCs and activated them. Moreover, CD40L 

modification increased the MHC class I presentation ability of tumor antigens by DCs 

treated with sEVs. This chapter indicates that CD40L modification of sEVs will 

contribute to further development of endogenous tumor antigen containing sEVs-based 

tumor vaccination.  
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II-1 Introduction  

In chapter 1, I successfully developed CD40L-modified endogenous tumor antigen 

containing multifunctional sEVs with DC targeting, activation functions. To enable the 

development of new types of multifunctional sEVs, the incorporation of exogenous 

antigens into sEVs has become a critical factor of multifunctional sEVs design. 

Antigen proteins can be loaded into either the outer surface or inner surface of 

sEVs. Considering that the intracellular location where antigen proteins are primed, 

affects the efficacy of MHC class I and II antigen presentation, the localization of the 

antigen proteins loaded into sEVs might also affect their behavior upon cellular uptake, 

and the efficacy of MHC class I and II antigen presentation. However, there is limited 

information regarding the effect of localization of antigen proteins loaded in sEVs on 

the efficacy of antigen presentation, as well as the intracellular behavior of the loaded 

proteins after cellular uptake of sEVs.  

It is possible to load an antigen protein in or onto sEVs by designing a fusion 

protein composed of the antigen protein and an sEV-tropic protein. In previous study, 

lactadherin (LA) was used to load proteins to the outer surface of sEVs. LA is an sEV-

tropic protein that binds to the phosphatidylserine present in the outer membrane of 

sEVs through C-terminal lectin-type domains (C1/C2domains) of LA[25]. In addition, 

I also used virus-derived group-specific antigen (GAG) to load proteins inside sEVs. 

GAG is an sEV-tropic protein that binds to thephosphatidylinositol-4,5-bisphosphate 

[PI(4,5)P2] present in the inner membrane of sEVs[40]. Therefore, I can load antigens 

either to the inner surface or outer surface of sEVs by using these proteins. 

In this chapter, I investigated the effects of localization of the proteins loaded in 

the sEVs on the efficacy of antigen presentation, as well as on the intracellular behavior 

of the loaded protein in antigen presenting cells (APCs). To evaluate the intracellular 

behavior of loaded proteins, green fluorescent protein (GFP) was loaded to the inner 

surface and outer surface of sEVs using GAG and LA, respectively. To investigate the 

effects of the localization of antigen proteins in sEVs on antigen presentation efficiency, 

ovalbumin (OVA), a model antigen protein, was loaded to the inner surface and outer 

surface of sEVs. An antigen presentation assay was performed using the two types of 

OVA-loaded sEVs. 

 

II-2 Materials & Methods 
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Mice and cells. 

Eight weeks old male C57BL/6 mice were purchased from Shimizu Laboratory 

Supplies Co., Inc. (Shizuoka, Japan). Protocols for all animal experiments were 

approved by the Animal Experimentation Committee of the Graduate School of 

Pharmaceutical Sciences, Kyoto University. Human Embryonic Kidney cells 293 

(HEK293) purchased from American Type Culture Collection (ATCC; CRL-1573) 

were cultured in 10 % fetal bovine serum (FBS)-containing Dulbecco's modified 

Eagle’s medium (DMEM; Nissui Co., Ltd., Tokyo, Japan). Mouse dendritic DC2.4 cells 

and Mouse T-cell hybridoma CD8-OVA1.3 cells were obtained and cultured as 

described in Chapter 1. 

 

Generation of bone marrow derived dendritic cells (BMDCs). 

To determine the antigen presentation capacity of sEVs, I collected BMDCs as 

described in chapter 1. 

 

Designing of fusion proteins and construction of plasmid DNA (pDNA). 

LA and GAG coding sequences were obtained as described in previous 

reports[25,40]. The OVA-encoding sequence was synthesized along with the C1C2 

domain sequences of mouse LA and GAG using PCR, to obtain OVA-LA and GAG-

OVA, respectively. The enhanced green fluorescent protein (GFP)-encoding sequence 

was derived from the pEGFP-N1 vector (BD Biosciences Clontech, Palo Alto, CA, 

USA) along with the C1C2 domain of LA and GAG using PCR, to obtain GFP-LA and 

GAG-GFP fusion sequences, respectively. Information regarding the primers used to 

synthesize the fusion proteins used in this study is available upon request. The cDNAs 

of OVA-LA, GAG-OVA, GFP-LA, or GAG-GFP were inserted into the BamHI/XbaI 

site of the pcDNA 3.1 vector (Invitrogen, Carlsbad, CA, USA). 

 

Preparation of sEVs. 

GFP-outer and GFP-inner-loaded sEVs were isolated from HEK293 cells 

transfected with GFP-LA and GAG-GFP-pDNAs, respectively, using PEI Max 

(Polysciences, Inc., Warrington, PA, USA) as described previously[26]. OVA-outer and 

OVA-inner-loaded sEVs were isolated from HEK293 cells transfected with OVA-LA 

and GAG-OVA-expressing pDNAs, respectively, using PEI Max. sEVs were isolated 
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from culture supernatants of non-transfected and transfected cells according to the 

method described in chapter 1. sEVs thus collected were resuspended in phosphate 

buffered saline (PBS). The amounts of sEVs collected were estimated by quantifying 

protein concentration using the Bradford assay. 

 

Confocal microscopy. 

DC2.4 cells were seeded onto glass coverslips at a density of 1.5 × 104 cells/well 

and incubated for 24 h. The culture medium was replaced with fresh medium containing 

100 nM LysoTracker Red DND-99 (Molecular Probes, Eugene, OR, USA) and then 

GFP-loaded sEVs were added to it. Cells were washed using PBS for 30 min, 1 h, 2 h 

or 4 h after sEV-addition and fixed with 4 % paraformaldehyde for 20 min to stop the 

cellular uptake of sEVs. Then, 300 nM of 4′,6′-diamidino-2-phenylindole (DAPI) was 

added and cells were incubated for 5 min. After washing with PBS, the coverslips were 

mounted using SlowFade Gold (Thermo Fisher Scientific) to prevent fluorescent fading. 

The prepared samples were observed using a confocal microscope (A1R MP, Nikon 

Instech Co., Ltd., Tokyo, Japan). 

 

Transmission electron microscopy (TEM). 

The sEV samples were observed by TEM according to the method described in 

chapter 1. 

 

Measuring of zeta potential of sEVs. 

Zeta potential of sEVs was measured according to the method described in chapter 

1 . 

 

Fluorescent labeling of sEVs. 

sEV samples were stained by PKH67 according to the method described in chapter 

1. 

 

Western blotting. 

OVA, HSP70, CD81, Alix and Calnexin of sEV samples and HEK293 cells were 

detected according to the method described in previous chapter.  
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Flow cytometry analysis of sEV-uptake by cells. 

BMDCs were seeded in a 96-well culture plate at a density of 5.0 × 104 cells/well 

for 24 h before the addition of sEVs. PKH67-labeled non-transfected (NT) sEVs, OVA-

LA and GAG-OVA-loaded sEVs were added to the cells and BMDCs were incubated 

for 24 h. Then, BMDCs were washed with PBS three times and harvested in PBS. The 

cellular uptake of PKH-67-labeled sEVs was determined using the Gallios Flow 

Cytometer (Beckman Coulter, Brea, CA, USA), according to the manufacturer’s 

instructions. Data were analyzed using the Kaluza software (Beckman Coulter). 

 

Flow cytometry analysis of MHC class I-OVA complex on the surface of DC. 

DC2.4 cells were seeded in a 24-well culture plate at a density of 2.0 × 105 

cells/well for 24 h before the addition of sEVs. OVA-LA and GAG-OVA-loaded sEVs 

were added to the cells at a concentration of 10 μg/mL and DC2.4 cells were incubated 

for 24 h. Then, DC2.4 cells were washed with PBS three times and harvested in PBS. 

DC2.4 cells were stained with OVA257-264 (SIINFEKL) peptide bound to H-2Kb 

Monoclonal Antibody, PE, (Thermo Fisher Scientific) in a final concentration of 30 uM 

at 37°C for 2 hours. After washed with flow stain buffer, DC2.4 cells were measured 

using the Gallios Flow Cytometer, according to the manufacturer’s instructions. Data 

were analyzed using the Kaluza software. 

 

In vitro antigen presentation assay. 

BMDCs were seeded in a 96-well culture plate at a density of 5.0 × 104 cells/well 

for 24 h before addition of sEVs. Indicated concentrations of HEK293-derived sEVs 

were added to BMDCs, which were then co-cultured with CD8-OVA1.3 cells (1.0 × 

105 cells/well) for 24 h. CD8-OVA1.3 cells co-cultured with BMDCs treated with 

OVA257-264, MHC class I-restricted peptide epitope of ovalbumin (OVA) were used as 

a positive control, and CD8-OVA1.3 cells cultured with BMDCs treated with 

SIINFEKL (InvivoGen, San Diego, CA, USA), and Opti-modified Eagle's Medium 

(Opti-MEM), were used as negative controls. The medium used for the co-culture was 

collected, and the concentration of IL-2 in the medium was measured using mouse IL-

2 enzyme-linked immunosorbent assay (ELISA) OptEIATM sets (Pharmingen, San 

Diego, CA, USA) according to the manufacturer’s instructions. 
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Statistical analysis. 

Differences among groups were evaluated using the Tukey-Kramer method, and P 

< 0.05 was considered statistically significant. 

 

II-3 Results 

II-3-a GFP was detected in the cytoplasm of DC2.4 cells after cellular uptake of 

GFP-inner-loaded sEVs, but not after that of GFP-outer-loaded sEVs. 

GFP-outer-loaded (GFPOUT) and GFP-inner-loaded (GFPIN) sEVs were isolated 

from cells transfected with pDNA encoding GFP-LA or GAG-GFP, respectively. DC2.4 

cells, to which GFPOUT or GFPIN sEVs were added, were observed using confocal 

microscopy to visualize the intracellular distribution of GFP (Figure 7). Confocal 

microscopy results showed that the green signal derived from GFP was detected in 

DC2.4 cells to which GFPIN sEVs were added. The green signal of GFP did not co-

localize with the red signal of LysoTracker Red, which indicates that GFP was not 

present in the endosome and might exist in the cytoplasm. Moreover, the intensity of 

the green signal coming from GFP in the cells gradually increased with time. On the 

other hand, the green signal was barely detected in DC2.4 cells to which GFPOUT sEVs 

were added. 

 

II-3-b Preparation of OVA-outer and OVA-inner-loaded sEVs. 

Figure 7. Confocal microscopy showing DC2.4 cells, to which GFPOUT or GFPIN sEVs were added. 

DC2.4 cells, to which GFPOUT or GFPIN sEVs and LysoTracker Red were added, were observed using 

confocal microscopy. Green, GFP. Blue, DAPI. Scale bar = 20 μm. 
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pDNAs encoding OVA-LA and GAG-OVA were designed (Figure 8A). OVA-

outer-loaded (OVAOUT) and OVA-inner-loaded (OVAIN) sEVs were isolated from cells 

transfected with the pDNA encoding OVA-LA or GAG-OVA, respectively. Western 

blotting analysis of the sEVs collected showed that OVA was loaded to the sEVs (Figure 

8B). Moreover, to degrade proteins outer surface sEVs, OVAOUT and OVAIN sEVs were 

treated with Protease K and were subjected to western blotting analysis. OVA was 

detected in OVAIN sEVs treated with protease K (Figure 8C) whereas, OVA was not 

detected in OVAOUT sEVs after the treatment, which suggests that OVA loaded to the 

inner surface of sEVs was protected from degradation by the protease.   

 

 

 

 

 

 

 

 

 

 

 

 

II-3-c Properties of OVAOUT and OVAIN sEVs are almost identical to those of 

antigen-unloaded sEVs. 

Western blotting for the three sEV marker proteins, HSP70, CD81, and Alix, was 

performed to verify the properties of OVA-loaded sEVs (Figure 9A). HSP70, CD81, 

and Alix were detected in all sEVs isolated from HEK293 cells. All sEVs showed 

Figure 8. Design of pDNAs encoding OVA-LA or Gag-OVA, and detection of OVA loaded to sEVs. (A) 

Design of pDNAs encoding fusion proteins consisting of OVA-LA (76 kDa) or Gag-OVA (101 kDa). (B) 

Western blotting analysis of 5 μg of OVAOUT and OVAIN sEVs using anti-OVA antibody. Arrows indicate 

positions of the bands of molecular weight markers. (C) After treatment with or without protease, 5 μg of 

OVAOUT and OVAIN sEVs were analyzed using western blotting using the anti-OVA antibody. Arrows 

indicate positions of the bands of molecular weight markers. 
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negative results for Calnexin, an endoplasmic reticulum marker, which suggests little 

contamination from cell-derived debris in the sEV samples collected. Then, sEVs were 

observed using TEM (Figure 9B). TEM data revealed that the size of all sEVs was 

approximately 100 nm in diameter. Zeta potential values for sEVs OVAOUT and OVAIN, 

and sEVs collected from non-transfected cells (NT sEVs) were -39.2 ± 2.6, -37.3 ± 2.6 

and -38.8 ± 1.3 (mV), respectively (Figure 9C). These results suggested that OVA 

loading scarcely altered the properties of sEVs.  

 

 

 

 

 

II-3-d Cellular uptake of sEVs by BMDCs was not affected by the localization of 

OVA in the sEVs.   

To evaluate the uptake of OVA-loaded sEVs by BMDCs, NT sEVs and OVA-

loaded sEVs fluorescently labeled with PKH67 were added to BMDCs, and the 

BMDCs were analyzed using flow cytometry (Figure 10). Flow cytometry results 

showed that there was no significant difference in mean fluorescent intensity (MFI) 

between BMDCs containing NT sEVs, OVAOUT and OVAIN sEVs, which suggests that 

localization of OVA in sEVs had little influence on cellular uptake of sEVs. 

Figure 9. Properties of sEVs were scarcely affected by OVA-loading. (A) Western blotting for HSP70, 

CD81, Alix, and Calnexin in OVAOUT, OVAIN sEVs, NT sEVs and HEK293 cell lysates. (B) TEM images of 

OVAOUT, OVAIN sEVs and NT sEVs. Scale bar = 100 nm. (C) Zeta potential values for OVAOUT, OVAIN 

sEVs and NT sEVs. Results are expressed as the mean ± standard deviation (n = 4).  
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II-3-e BMDCs containing OVAIN sEVs cross-presented OVA-epitope to CD8-

OVA1.3 cells through MHC class I. 

To evaluate the efficiency of MHC class I antigen presentation, two experiments 

were performed. First, MHC class I-OVA complex displayed on the surface of DC 

was evaluated. DC treated with OVAIN sEVs showed a higher expression of MHC 

class I-OVA complex than DC treated with OVAOUT sEVs (Figure 11A). Second, NT 

sEVs, OVA and OVAOUT or OVAIN sEVs were added to BMDCs co-cultured with 

CD8-OVA1.3 cells. T cells secrete IL-2 upon cross-presentation of an antigen by DCs 

to CD8 positive T cells through MHC class I. ELISA analysis showed that the 

concentration of IL-2 secreted by CD8-OVA1.3 cells with OVAIN sEVs was 

significantly higher as compared to that secreted by cells with NT sEVs and OVAOUT 

sEVs in a concentration-dependent way (Figure 11B). 
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Figure 10. Cellular uptake of sEVs by BMDCs was almost identical between NT sEVs, OVAOUT and 

OVAIN sEVs. NT sEVs, OVAOUT and OVAIN sEVs were labeled using the PKH67 green fluorescent cell 

linker kit. C57BL/6 mice derived BMDCs were seeded at a density of 5.0 × 105 cells/ml. After 24 h of 

culture, 1 and 5 μg/mL of PKH-67-labelled NT sEVs, OVAOUT or OVAIN sEVs were added to each well 4 

h before eliminating the supernatant. The uptake of sEVs by BMDCs was measured using fluorescence-

activated cell sorting (FACS) analysis. Results are expressed as the mean ± standard deviation (n = 4). 
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II-4 Discussion 

To elucidate the influence of the localization of antigen proteins in sEVs on their 

cytoplasmic distribution and antigen presentation, LA and GAG were selected to 

design fusion proteins according to the previous study[25,40]. Subsequently, I 
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Figure 11. OVA epitope was presented by BMDCs added with OVAIN sEVs but not OVAOUT sEVs. 

(A) OVAOUT and OVAIN sEVs were added to the cells and DC2.4 cells were incubated for 24 h. The 

expression level of MHC class I-OVA complex was measured by FACS. (B) BMDCs derived from 

C57BL/6 mice were seeded (5.0 × 105 cells/ml). After 24 h of culture, OVA, NT sEVs, OVAOUT, OVAIN 

sEVs, or MHC class I specific peptide, and CD8-OVA1.3 (1.0 × 106 cells/ml) were added to the BDMC 

culture for a 24 h incubation. IL-2 concentration of the co-culture supernatants was measured using 

ELISA. *P < 0.05 compared with the other sEVs groups in the same concentration. Results are 

expressed as the mean ± standard deviation (n = 4). 
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demonstrated that proteins of interest, GFP and OVA, were loaded to the inner surface 

or outer surface of sEVs, respectively as seen in the physiological scenario. In the 

present study, MHC Class I presentation by DCs added with antigen-loaded sEVs was 

evaluated because induction of cellular immune response is more important than that 

of humoral immune response in cancer vaccination, which is one of the most expected 

application of sEVs-based vaccine. However, considering that more broad application 

of sEVs as vaccine, evaluation of MHC class II-mediated presentation should be 

considered in the further research. 

sEVs may be taken up by clathrin-mediated or clathrin-independent endocytosis 

such as phagocytosis, micropinocytosis, and endocytosis via caveolae and lipid 

rafts[41]. After cellular uptake, sEVs are transported into lysosomes through the 

formation of multivesicular endosomes (MVEs) and are then degraded by low pH in 

the endosome and by proteases in the lysosome. Protease treatment of OVAOUT sEVs 

degraded the loaded OVA protein, whereas the treatment hardly degraded OVA from 

OVAIN sEVs, thus, proteins loaded outer surface of sEVs were more susceptible to 

intracellular degradation as compared to proteins loaded inside sEVs, results obtained 

using GFP-loaded sEVs suggest that GFP in GFPIN sEVs was protected by the 

membranes of sEVs from degradation in the endosome/lysosome.  

MHC class I presentation of OVA was higher in BMDCs with OVAIN sEVs than 

that in BMDCs with OVAOUT sEVs, whereas cellular uptake of OVA was comparable 

between these two groups. These results imply that antigen processing efficiency after 

cellular uptake of sEVs is different between DCs with OVAIN sEVs and OVAOUT 

sEVs. As OVA loaded in OVAIN sEVs was protected by the membranes of sEVs from 

degradation after cellular uptake, OVA loaded in OVAIN sEVs might be transferred to 

the cytoplasm more efficiently than that in OVAOUT sEVs. A previous study reported 

that lymphoid organ resident CD8+ DCs efficiently perform MHC class I antigen 

presentation by inhibiting degradation of antigens in endosomes/lysosomes by 

maintaining an alkaline pH in the endosome and phagosome[42]. Another study 

showed that efficient antigen presentation was promoted by loading antigen proteins 

onto cationic liposomes, which alkalinized the pH in the lysosomes of DCs[43]. The 

results obtained by the current study are in agreement with the results of previous 

studies and suggest that protection of antigen proteins from degradation in 
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endosomes/lysosomes plays a significant role in increasing the efficacy of MHC class 

I antigen presentation. 

 

II-5 Summary of chapter 2 

Chapter 2 demonstrates that the localization of antigen proteins loaded in sEVs, 

inner surface or outer surface, alters their fate in cells. It was demonstrated that 

proteins loaded inside of sEVs were delivered to the cytoplasm of the cells that took 

up sEVs more efficiently than the proteins loaded outside of sEVs. Therefore, inner 

loading is effective for immunotherapy using exogenous antigen loading sEVs.   
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In chapter 2, I optimized the method of loading exogenous antigen into sEVs and 

found that inner loading of exogenous antigen is more effective than outer loading. In 

this chapter, I explored the possibilities of exogenous antigen-loaded multifunctional 

sEVs in the treatment of immune diseases, especially allergic rhinitis. 

Allergic rhinitis is triggered by breathing allergens such as dust mites and pollen. 

The patient's immune system overreacts to the allergens and exacerbates symptoms 

such as sneezing, nasal congestion, nasal itching, and rhinorrhea[44]. The number of 

patients with allergic rhinitis has been increasing worldwide in recent years and is 

associated with high socioeconomic costs[45]. For the treatment of allergic rhinitis, 

symptomatic treatment using antiallergic drugs that suppress the action of the immune 

system is currently in the mainstream, and it is desirable to develop a treatment method 

that enables radical treatment[46]. 

Allergen-specific immunotherapy (AIT) has been proven to be a radical treatment 

for allergic rhinitis[47]. However, AIT requires a long treatment time with multiple 

administrations, resulting in low patient adherence and therapy discontinuation[48]. 

Therefore, AIT should be optimized to achieve a relatively short and considerably 

efficient therapeutic effect. Various methods have been employed to boost the efficacy 

of AIT, including the development of new routes of administration, using allergen-

derived peptides, or combining AIT with other interventions, such as adjuvants[46]. As 

an AIT adjuvant, CpG DNA can induce a T helper type 1 (Th1) immune response rather 

than T helper type 2 (Th2) immune response through recognition by Toll-like receptor 

9 (TLR9)[49–51]. In previous preclinical studies and clinical trials, CpG DNA was 

tested as an AIT adjuvant with excellent outcomes[52,53]. Conversely, the co-delivery 

of CpG DNA and allergens is a challenge in the AIT research.  

sEVs, which are cell-derived membrane vesicles with a diameter of approximately 

100 nm, function as intercellular transport carriers that encapsulate proteins and nucleic 

acids[54]. sEVs are endogenous carriers, indicating that they are safer than other 

synthetic particles. Therefore, sEVs are powerful drug delivery systems[55]. In chapter 

2, I found that ovalbumin (OVA), when loaded onto the inner surface of sEVs, can 

induce more efficient antigen presentation than when loaded onto the outer surface of 

sEVs[56]. Furthermore, previous findings have shown that CpG DNA can be added on 

the surface of sEVs as an adjuvant, modifying the sEVs[26]. Therefore, sEVs can be 

employed as co-delivery carriers for allergens and adjuvants.  
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In this chapter, I succeeded in preparing multifunctional sEVs that loaded both 

allergens and adjuvants. OVA is selected as a model allergen and loaded onto the inner 

surface of sEVs using an sEV inner surface-tropic protein group-specific antigen 

(GAG)[40]. CpG DNA is modified on the surface of the sEVs using an sEV surface-

tropic protein, lactadherin (LA)[25]. Furthermore, CpG DNA and allergen OVA were 

simultaneously delivered to dendritic cells, activating dendritic cells in vitro. Afterward, 

I analyze the localization of the CpG-OVA-sEVs after intranasal administration in the 

nasopharynx-associated lymphoid tissue (NALT) in mice. CpG-OVA-sEVs were 

detected in the NALT and were mainly taken up by dendritic cells after intranasal 

administration in vivo. Finally, using a mouse model of allergic rhinitis, the therapeutic 

effect of the CpG-OVA-sEVs on alleviated allergic symptoms and the immune system, 

including Th1/2 balance and IgE secretion, is evaluated. The results showed that CpG-

OVA-sEVs can enhance the Th1 immune response in allergic rhinitis mouse models 

and alleviate the symptoms of allergic rhinitis. These results prove that multifunctional 

CpG-OVA-sEVs can be a useful therapeutic method for the treatment of allergic rhinitis.  
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Conclusion  

 

 

sEVs are secretory lipid bilayer membrane vesicles with a diameter of around 100 

nm, which can function as intercellular transport carriers encapsulating proteins and 

nucleic acids. sEVs not only contain endogenous antigens derived from secretory cells 

but can also carry exogenous antigens or functional molecules by genetic engineering. 

Antigen-loaded multifunctional sEVs are a promising immunotherapy option because 

of these unique features. 

For immunotherapeutic application of sEV, antigen loading, delivery to immune 

cells (especially dendritic cells, DCs) and activation of the immune cells are important 

factors. In chapter 1, I successfully developed CD40L modified endogenous antigen-

containing multifunctional sEVs, which can be efficiently delivered to DCs and can 

activate DCs to improve the antigen presentation efficacy of DCs. 

To enable the development of new types of multifunctional sEVs, in chapter 2, I 

attempt to load exogenous antigens into sEVs by using genetic engineering. I found 

that the localization of antigen proteins loaded in sEVs, inner surface or outer surface, 

alters the fate of loaded protein in sEV uptake cells. I also found that antigen inner 

loading sEVs are more suitable to immunotherapy than antigen outer loading sEVs. 

In chapter 3, based on the findings of chapter 1 and 2, I modified allergen-loaded 

sEVs with CpG DNA to develop multifunctional sEVs that can delivery allergen and 

adjuvant to dendritic cells simultaneously. In allergic rhinitis mouse models, the 

allergen-loaded multifunctional sEVs showed a significant therapeutic effect.  

The findings in this thesis contribute to the development of antigen-loaded 

multifunctional sEVs-based immunotherapies.  
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