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Preface 
 

Macrophages are innate immune cells derived from monocytes involved in tissue homeostasis. 

Recent years, uncontrolled activation of macrophages has been recognized to induce the onset 

and progression of various diseases such as autoimmune diseases, metabolic disease, and cancer 

[1]. Development of macrophage-targeted therapeutics, which can effectively regulate 

macrophage function, can be a promising treatment option for those various diseases. 

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

including human, animal, plant, and microorganism [2,3]. EVs can be divided into small EVs 

(sEVs), microvesicles (MVs)/ large EVs (lEVs), and apoptotic bodies. sEVs and lEVs enclose 

endogenous proteins and nucleic acids derived from their parental cells, and play important roles 

as carriers in intercellular communication by delivering enclosed cargoes to recipient cells [4,5]. 

Because of their intrinsic nature as endogenous delivery carriers, EVs are considered as a novel 

candidate of drug delivery system (DDS). Researchers have revealed that systemically 

administered sEVs were mostly taken up by macrophages through the recognition of EV’s 

physicochemical properties (e.g. size and membrane charge) [6,7], which indicates that sEVs can 

be a potent drug delivery carrier to macrophages. Compared to sEVs, there was less information 

on pharmacokinetics of lEVs, however given the large size and negative membrane charge of 

lEVs [8], it was speculated that lEVs could also be applied to macrophage targeting therapy. 

Moreover, bioactive molecules such as peptides and proteins can be easily loaded to EVs by 

genetic engineering [9], which can save complicated process for manufacturing drug-containing 

vehicle. These unique properties of EVs would be the rationale for the development of 

macrophage-targeted EV-based therapeutics. 

I attempted to establish macrophage delivery system of therapeutic peptide or proteins using 

sEVs and lEVs. Since it was considered that drug loading to the inner space of EVs was suitable 

for intracellular drug delivery, while drug loading to outer membrane of EVs was suitable for 

targeting extracellular molecules (e.g. extracellular receptors), I developed EVs which internally 

or externally loaded with peptides /proteins depending on the localization of target molecules. 

Then, I investigated the potential of EVs as delivery carriers targeting extracellular and 

intracellular molecules of macrophages. 
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IL-4 delivery by sEVs 
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I-1 Introduction  

In inflammatory diseases, M1-polarlized macrophages largely contribute to the onset and 

progression of the diseases by producing pro-inflammatory mediators [10]. The anti-inflammatory 

strategy of suppressing these mediators, such as IL-6 or TNFα, has already been applied [11,12] 

However, considering the critical role of macrophages, an approach that directly suppresses M1 

activation and promotes M2 activation of macrophages could be a more efficient treatment against 

chronic inflammatory diseases, in which various pro-inflammatory mediators are inhibited at once and 

wound healing is accelerated by anti-inflammatory mediators secreted by M2 macrophages [13]. 

Interleukin-4 (IL4), a Th2-derived cytokine, can induce M2 macrophages [14]. Owing to its 

immunomodulatory activity, studies have been carried out to develop an anti-inflammatory therapy 

utilizing IL4 [15,16]. However, there are still problems in the development of IL4 therapy, such as 

insufficient anti-inflammatory effects [17–20] and undesirable side effects [21–24], due to the low 

delivery efficiency to target cells, macrophages. Since sEVs are efficiently recognized and taken up 

by macrophages through the negative charges of their membrane, derived from phosphatidylserine 

(PS) [6,7], it was expected that sEV would be a promising IL4 delivery carrier to macrophages.  

Moreover, the localization of the IL4 receptor (IL4R) to the early endosome (EE) and subsequent 

stabilization of the IL4R heterodimer in the EE contribute to full activation and duration of IL4 

signaling [25,26]. As sEVs are taken up by macrophages mostly through endocytosis [27], I assumed 

that IL4 loaded sEVs promote the localization of IL4R into EE, followed by amplification of IL4 

signal transduction. 

Therefore, I hypothesized that IL4 loaded sEVs could be a potent therapeutic agent for 

inflammatory diseases, which improve the target-cell specificity and bioactivity of IL4. In this chapter, 

I prepared IL4 loaded sEVs (IL4-sEVs) by constructing plasmid DNA expressing a fusion protein of 

IL4 and sEV-tropic protein, lactadherin (LA), and isolating from HEK293 cells transfected with the 

plasmid DNA. Subsequently, anti-inflammatory effects were evaluated using both M1-polarlized 

macrophage cell line and animal model of rheumatoid arthritis, a serious inflammatory disease. 

 

I-2 Materials & Methods 

Cell culture  

Murine macrophage cell line RAW264.7 cells were purchased from American Type Culture 

Collection (ATCC) and cultured in 10% fetal bovine serum (FBS)-containing RPMI 1640 (Nissui Co. 

Ltd., Japan). Human Embryonic Kidney 293 (HEK293) cells purchased from ATCC (CRL-1573) were 
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cultured in 10%-FBS-containing Dulbecco’s modified Eagle’s medium (Nissui Co. Ltd.). Macrophage 

scavenger receptor 1 (MSR1) gene knockout RAW264.7 cells were constructed as previously 

described [28]. Briefly, RAW264.7 cells were transfected with a complex of MSR1-targeted crRNA, 

tracrRNA, and Cas9. The MSR1 knockout of CRISPR/Cas9-treated cell clones was confirmed by 

western blotting using an anti-MSR-A1/MSR1 antibody. MSR1 gene knockout RAW264.7 cells were 

cultured in 10%-FBS-containing RPMI 1640 (Nissui Co. Ltd.). 

 

Animals 

Eight-week-old male DBA/1J mice were purchased from Japan SLC Inc. (Japan). The mice were 

housed in polycarbonate cages and fed standard mouse chow and water ad libitum. All protocols for 

the animal experiments were approved by the Animal Experimentation Committee of the Kyoto 

University Graduate School of Pharmaceutical Sciences. 

 

Construction of plasmid DNA 

The coding sequence of the sEV-tropic protein, LA, was obtained as described previously [29]. The 

IL4 coding sequence was synthesized by Integrated DNA Technologies (USA). The IL4 encoding 

sequence was synthesized along with the LA sequence using a two-step polymerase chain reaction 

(PCR) method to obtain IL4-LA. The IL4-LA encoding fusion protein was inserted into the Hind 

III/NheⅠ site of the pcDNA3.1 vector (Thermo Fisher Scientific, USA) to construct pCMV-IL4-LA. 

The gene sequence encoding Gag was obtained, as described in previous reports [30]. The Gag 

encoding sequence was fused with the IL4 sequence using a two-step polymerase chain reaction (PCR) 

method to obtain Gag-IL4. The Gag-IL4 encoding fusion protein was inserted into the EcoR1/Not1 

site of the pcDNA3.1 vector to construct pCMV-Gag-IL4. 

 

Isolation of sEVs  

HEK293 cells were transfected with pCMV-IL4-LA or pCMV-Gag-IL4 using PEI Max 

(Polysciences, Inc., USA), as described previously [31]. The culture media of nontransfected and 

transfected cells were collected and cleared by successive centrifugation steps (300 × g for 10 min, 

2000 × g for 20 min, 10000 × g for 30 min) to remove cellular debris and large vesicles, followed by 

filtration through a 0.2-μm syringe filter. The filtrated sample was then ultracentrifuged twice at 

100000 × g for 1 h and the pellets were washed with phosphate buffered saline (PBS) and resuspended 

in PBS. The amount of isolated sEVs was estimated by measuring the protein concentration using the 



 8 

Bradford assay. 

 

Cell treatment  

For M1 polarization of RAW264.7 cells, 10 ng/mL LPS (Sigma-Aldrich, USA) and 10 ng/mL IFNγ 

(Cell Guidance Systems, UK) were added to the cells and incubated for 6 h. The cell culture medium 

was then replaced with Opti-MEM (Thermo Fisher Scientific, USA) and treated with control sEVs, 

20 ng/mL or 60 ng/mL IL4 (Cell Guidance Systems, UK), Gag-IL4 sEVs (IL4 concentration: 20 

ng/mL) or IL4-sEVs (IL4 concentration: 20 or 60 ng/mL) for 24 h. In the endocytosis inhibition assay, 

1 μM of Cytochalasin D (Wako Pure Chemicals Industries, Ltd., Japan), an actin polymerization 

inhibitor, was added to M1-polarized RAW264.7 cells 30 min before the addition of sEVs. 

 

CIA induction and treatment 

At 9 weeks of age, mice were used to establish collagen-induced arthritis (CIA) model. CIA 

induction and treatment were carried out under anesthesia with three types of mixed anesthetic agents. 

The anesthetic agents were prepared with 0.3 mg/kg medetomidine (Domitor, Zenoaq, Japan), 4.0 

mg/kg midazolam (Sandoz, Japan), and 5.0 mg/kg butorphanol (Vetorphale, Meiji Seika Pharma Co., 

Ltd., Japan) and were administered to the mice by intraperitoneal injection. Mice were immunized 

intradermally at the base of the tail with 100 μg of chicken-type II collagen (Sigma-Aldrich) emulsified 

in complete Freund’s adjuvant, containing M. tuberculosis H37Ra (Chondrex, USA), on day 0 and 

day 21 as a booster injection. After the onset of arthritis on day 26, the CIA mice were randomly 

divided into four groups with six mice: PBS group, control-sEVs group, IL4 group, and IL4-sEVs 

group. Three nonimmunized mice were allocated to the normal control group. 

PBS, control-sEVs (1 μg), IL4 (3 ng), or IL4-sEVs (containing 3 ng of IL4) were intraarticularly 

injected into each ankle joint of the CIA mice once daily from day 27 to day 36. The mice were 

sacrificed on day 37, and then serum and ankle joint tissues were collected. 

 

Evaluation of the severity of arthritis  

The severity of arthritis was monitored every other day using two clinical parameters: clinical score 

and paw thickness. Each hind paw was scored individually as follows: 0 = no obvious differences in 

appearance vs. healthy control mice, 1 = one or two toes inflamed and swollen (no apparent swelling 

of paw or ankle), 2 = three or more toes inflamed and swollen, but no paw swelling, or mild swelling 

of the entire paw, 3 = swelling of the entire paw, 4 = severe swelling of the entire paw and all toes. 
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The clinical score was the sum of the scores for each hind paw, with a maximum clinical score of 8 

per animal. The paw swelling was assessed by measuring the hind paw thickness using a caliper. 

 

Western blot analysis 

Cell lysates were prepared by freezing and thawing cycles in the presence of a protease inhibitor 

cocktail (Nacalai Tesque Inc., Japan), followed by centrifugation at 15000 × g for 15 min. The protein 

concentration was measured using the Bradford assay. sEVs or cell lysates were reduced by 100 mM 

dithiothreitol and heat treatment at 95 °C for 3 min and separated on an 8% sodium dodecyl sulfate–

polyacrylamide gel through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

The proteins were then transferred from the gel to a polyvinylidene fluoride membrane. After blocking 

with Blocking One reagent (Nacalai Tesque Inc.), the membranes were incubated with the following 

primary antibodies for 1 h at room temperature or overnight at 4 °C: rabbit anti-HSP70 antibody 

(1:1000; Cell Signaling Technology, USA), rabbit anti-CD81 antibody (1:200; Santa Cruz 

Biotechnology, USA), mouse anti-Alix antibody (1:200; Santa Cruz Biotechnology), rabbit anti-

Calnexin antibody (1:1000; Santa Cruz Biotechnology), rat anti-IL4 antibody (1:2000; GeneTex, 

USA), rabbit anti-iNOS antibody (1:2000; Abcam, USA), mouse anti-Arg1 antibody (1:200; Santa 

Cruz Biotechnology), and rabbit anti-GAPDH antibody (1:10000; Abcam). The membranes were then 

incubated with the following horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h 

at room temperature: goat anti-rabbit IgG-HRP (1:1000; Cell Signaling Technology), horse anti-mouse 

IgG-HRP (1:1000; Cell Signaling Technology), and goat anti-rat IgG-HRP (1:5000; Santa Cruz 

Biotechnology). The membranes were washed three times and reacted with an Immobilon Western 

Chemiluminescent HRP substrate (Merck Millipore, USA). The chemiluminescence was detected 

using LAS-3000 instrument (Fujifilm, Japan). 

 

Transmission electron microscopy (TEM) observation  

sEVs were fixed in 4% paraformaldehyde and added to a Carbon/Formvar-film-coated TEM grid 

(Okenshoji, Japan) for 20 min. After washing with PBS, the samples were treated with 1% 

glutaraldehyde for 5 min and washed four times with distilled water. They were then stained with 1% 

uranyl acetate for 2 min and observed using TEM (Hitachi H-7650, Hitachi High-Technologies 

Corporation, Japan). 
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Measurement of the zeta potential 

sEVs were mixed with distilled water and added to the disposable folded capillary cells. The zeta 

potential of the sEVs was measured using a Zetasizer Nano ZS (Malvern Instruments, UK). 

 

Enzyme-linked immunosorbent assay (ELISA)  

IL4 concentrations in the samples were measured using mouse IL4 ELISA OptEIATM sets 

(Pharmingen, USA) according to the manufacturer’s instructions. The levels of TNF-α in the cell 

culture supernatants or ankle joint tissues were determined using mouse TNF-α ELISA OptEIATM sets 

(Pharmingen) according to the manufacturer’s instructions. The levels of IL-6 in ankle joint tissues 

were measured using IL-6 ELISA OptEIATM sets (Pharmingen) according to the manufacturer’s 

instructions.  

                              

mRNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) analysis  

Cells or ankle joint tissues were homogenized in Sepasol RNA-I Super G (Nacalai Tesque Inc.) and 

total RNA was extracted according to the manufacturer’s instructions. The RNA concentration was 

determined using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific Inc.). 

Complementary DNA (cDNA) was synthesized using ReverTra Ace qPCR RT Kit with gDNA 

Remover (Toyobo Co. Ltd., Japan), according to the manufacturer’s instructions. cDNA was used as 

a template for amplifying genes by the qRT-PCR analysis using Step One Plus (Applied Biosystems 

Inc., USA). The used primers are listed in Table 1. PCR was performed using the following cycling 

conditions: 40 cycles at 95 °C for 3 s, 60 °C for 15 s, and 72 °C for 15 s. To quantify isolated RNA 

and measure the cDNA synthesis efficiency, the levels of target cDNAs were normalized to the 

expression level of the endogenous reference gene, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). 
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Table 1 Primer sequences used in the RT-qPCR analysis 

 

Measurement of nitrite (NO) concentration 

The cell culture supernatants were collected and the NO concentration was determined using the 

Griess Reagent Kit (Biotium, USA), according to the manufacturer’s instructions. Samples were 

analyzed using a plate reader (Multiskan, Fisher Scientific Inc.) by measuring the absorbance (optical 

density (OD) 570 nm/OD 620 nm). 

 

Flow cytometry  

The sEVs were stained using the PKH67 green fluorescent cell linker kit (Sigma-Aldrich), as 

described previously [32]. Briefly, sEVs were mixed with 2-μM PKH67 dye prepared in Diluent C 

and incubated for 5 min at 25 °C. The staining reaction was stopped by adding 5% bovine serum 

albumin (BSA) prepared in PBS. The samples were ultracentrifuged at 100000 × g for 1 h to remove 

the free PKH67 dye. After washing the pellets with PBS, they were resuspended in PBS and PKH67-

labeled sEVs were prepared. M1 macrophages (wild-type and MSR1-knockout RAW264.7 cells) were 

cultured overnight in a 96-well plate and replaced with Opti-MEM (Thermo Fisher Scientific Inc.). 

PKH67-labeled sEVs were added to the cells at a concentration of 10 μg/mL, followed by incubation 

for 4 h at 37 °C. The cells were washed three times with PBS, and then suspended in PBS. The cellular 

uptake of PKH67-labeled sEVs was determined using a Gallios Flow Cytometer (Beckman Coulter, 

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

(Beckman Coulter) to determine the mean fluorescence intensity (MFI). 

 

  

Gene name Forward primer Reverse primer

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

Arg1 CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC 

CD206 TGCAAGGATCATACTTCCCT TGATGTTCTCCAGTAGCCAT 

iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC 

CXCL10 AAGTGCTGCCGTCATTTTCT CCTATGGCCCTCATTCTCAC 

IL1β CCCAAGCAATACCCAAAGAA CATCAGAGGCAAGGAGGAAA 

IL12 ACTCCCCATTCCTACTTCTCC CATTCCCGCCTTTGCATTG

IL10 GGAGCAGGTGAAGAGTGATTT TCCAAGGAGTTGTTTCCGTTAG

TGFβ CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG 

IL4 ACAGGAGAAGGGACGCCAT GAAGCCCTACAGACGAGCTCA
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Confocal microscopy analysis 

Cells were replaced with Opti-MEM and control-sEVs, IL4, or IL4-sEVs (IL4 concentration: 60 

ng/mL) were added. After 4 h of incubation, the cells were washed with PBS and fixed with 4% 

paraformaldehyde for 20 min. A membrane permeation treatment was performed using PBS 

containing 0.25% Triton X-100 (Nacalai Tesque Inc.). After 10 min of incubation, the cells were 

washed with PBS for 5 min and incubated with 1% BSA plus 22.52 mg/mL glycine in PBS-t (PBS 

plus 0.1% Tween 20) for 30 min to block nonspecific binding of the antibodies. The cells were then 

reacted with the primary antibody (anti-IL4Rα antibody (1:80 dilution), Santa Cruz Biotechnology; 

EEA1 antibody (1:300 dilution), Abcam) overnight at 4 °C. The cells were then washed with PBS and 

incubated with the secondary antibody (goat anti-mouse IgG H&L (Alexa Fluor 488) (1: 700 dilution), 

Abcam; goat anti-rabbit IgG H&L (Alexa Fluor 647) (1:700 dilution), Abcam) for 1 h at room 

temperature. After washing, 300 nM 4¢,6¢-diamidino-2-phenylindole (DAPI) was added for 5 min and 

Fluoro-KEEPER Antifade Reagent (Nacalai Tesque Inc.) was applied to the coverslips. The samples 

were observed using a confocal microscope (A1R MP; Nikon Instech Co. Ltd., Japan). 

 

Histological staining assessment 

Hind ankle joint tissues were fixed in 10% neutral-buffered formalin (Nacalai Tesque Inc.) at 25 °C 

for 48 h and the samples were decalcified in 0.5 mol/L EDTA (Wako Pure Chemicals Industries, Ltd.) 

for 14 days. After dehydration, the specimens were embedded in paraffin (Paraplast Plus, McCormick 

Scientific, USA) and 4-μm-thick sagittal sections were stained with hematoxylin–eosin (H&E) and 

observed under a microscope (Biozero BZ-8000, KEYENCE, Japan). Histopathological scoring was 

performed by assessing three parameters: synovitis, pannus formation, and cartilage and bone 

destruction at four grades (0–3: 0 = normal, 1 = mild, 2 = moderate, and 3 = severe). 

 

Immunohistochemical analysis  

Hind ankle joint tissues were harvested and fixed in 4% paraformaldehyde (Nacalai Tesque Inc.) at 

4 °C for 48 h. The samples were decalcified in 0.5 mol/L EDTA (Wako Pure Chemicals Industries, 

Ltd.) for 14 days. The specimens were placed in 10% sucrose solution for 24 h, in 15% sucrose solution 

for another 24 h, and subsequently in 20% sucrose solution for 24 h at 4 °C, embedded in optimal 

cutting temperature (OCT) compound (Sakura Finetek Japan Co. Ltd., Japan), and frozen. The frozen 

specimens were cut into 4-μm-thick sagittal sections, which were fixed with 4% paraformaldehyde 

for 20 min. The samples were washed with PBS for 5 min and incubated with 20% BSA in PBS at 
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37 °C to avoid nonspecific binding of the antibodies. After 1 h of incubation, the samples were 

incubated with the primary antibody (anti-CD86 antibody, 1:50, Santa Cruz Biotechnology, USA; anti-

CD206 antibody, 1:100, Sigma-Aldrich, USA) for 1 h at 37 °C. The samples were then washed with 

PBS and stained with the secondary antibody (goat anti-mouse IgG H&L (Alexa Fluor 647) 1:500, 

Abcam, USA; goat anti-rabbit IgG H&L (Alexa Fluor 488), 1:500, Abcam) for 1 h at 37 °C. After 

washing, 300-nM DAPI was added to the samples for 5 min and Fluoro-KEEPER Antifade Reagent 

(Nacalai Tesque Inc.) was applied to the coverslips. The samples were observed under a microscope 

(Biozero BZ-8000, Keyence). 

 

Statistical analysis 

Statistical differences were evaluated using a one-way analysis of variance, followed by Tukey–

Kramer multiple comparison test; p < 0.05 was considered statistically significant. 

 

I-3 Results 

I-3-a Construction of IL4-LA coding plasmid DNA and isolation of IL4 loaded sEVs from 

HEK293 cells transfected with pCMV-IL4-LA. 

pCMV-IL4-LA, a plasmid DNA encoding a fusion protein of IL4 and LA, was constructed to obtain 

IL4 loaded sEVs (IL4-sEVs; Fig. 1a). pCMV-Gag-IL4, a plasmid DNA encoding a fusion protein of 

Gag and IL4, was also constructed to encapsulate IL4 inside of sEV (Gag-IL4 sEVs; Fig. 1a) as a 

control of IL4 loading method. A Western blot analysis indicated that control-sEVs, isolated from 

nontransfected HEK293 cells, Gag-IL4 sEVs and IL4-sEVs contained sEV marker proteins, Alix, 

HSP70, and CD81 (Fig. 1b). The endoplasmic reticulum marker, calnexin, was not present in both 

sEV samples, which suggests that they were not contaminated with cell debris (Fig. 1b). A Western 

blot analysis confirmed that IL4 was successfully loaded to sEVs (Fig. 1c). The amount of IL4 loaded 

to single IL4-sEV was estimated approximately 3.8 ng IL4/μg sEV by ELISA. 
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I-3-b IL4 loading to sEVs hardly changed physicochemical properties of sEVs. 

The morphology and zeta potential of the sEVs were investigated using TEM and zetasizer, 

respectively. TEM images and histograms of particle size distribution showed that the morphologies 

of control-sEVs and IL4-sEVs were almost the same (Fig. 2a, b). The zeta potential of the sEVs was 

approximately -30 mV, irrespective of the IL4 loading (Fig. 2c). These results suggest that the loading 

of IL4 to sEVs had a small effect on the physicochemical properties of sEVs.  
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Fig. 1 Confirmation of the collection of IL4-sEVs from HEK293 cells transfected with pCMV-IL4-
LA.  
(a) IL4-LA and Gag-IL4 coding plasmid DNAs were designed. (b) Western blot analysis of Alix, HSP70, 
CD81, calnexin and GAPDH in sEVs and cell lysates. (c) Western blot analysis of IL-4 in control-sEVs, 
Gag-IL4 sEVs and IL4-sEVs. Inner loading of IL-4 was confirmed by Western blotting of Gag-IL4 
sEVs with/ without protease K (proK) treatment using IL-4 or CD81 antibodies. 

Fig. 2 Physicochemical 
properties of sEVs. 
(a) TEM images of control-
sEVs and IL4-sEVs. Scale 
bar = 100 nm. (b) 
Histograms of particle size 
distribution of control-sEVs 
and IL4-sEVs. (c) Zeta 
potentials of control-sEVs 
and IL4-sEVs. 
The results are expressed as 
means ± standard deviation 
(n = 3). 
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I-3-c IL4-sEVs greatly suppressed pro-inflammatory mediator expressions in M1 

macrophages and upregulated the expression levels of M2 marker genes. 

The ability of IL4-sEVs to inhibit the pro-inflammatory cytokine, chemokine, and inducible nitric 

oxide synthase (iNOS)/NO production in M1-polarized RAW264.7 cells M1-polarized RAW264.7 

cells M1-polarized RAW264.7 cells M1-polarized RAW264.7 cells was evaluated. As shown in Fig. 

3a, the TNFα concentration in the supernatant of cells treated with IL4 or IL4-sEVs was significantly 

lower than that of nontreated cells (NT). Since Gag-IL4 sEVs had no inhibitory effects on TNF-α 

production from M1 macrophages, they were excluded from further analysis. The mRNA expression 

level of CXCL10 was also decreased by the treatment with IL4 or IL4-sEVs in a concentration-

dependent manner (Fig. 3b). Furthermore, the suppressive effects of IL4-sEVs (60 ng/mL) on both 

pro-inflammatory mediators were larger than those of the same concentration of IL4. iNOS mRNA 

and protein expressions were significantly down-regulated when M1 macrophages were treated with 

IL4 or IL4-sEVs (Fig. 3c, d). The NO production in M1 macrophages was also reduced by the 

treatment (Fig. 3e), which corresponded to the results of iNOS expression. 

Subsequently, I investigated expressions of M2 marker genes, Arginase1 (Arg1) and Mannose 

receptor (CD206), in M1 macrophages after the treatment with IL4-sEVs. The mRNA (Arg1 and 

CD206) and protein (Arg1) expressions were largely increased by the treatment with IL4 or IL4-sEVs 

(Fig. 3f–h). 
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I-3-d Inhibition of sEV uptake by macrophages abolished the anti-inflammatory activity of 

IL4-sEVs. 

Further, I investigated whether IL4 receptor (IL4R) endocytosis is essential for IL4 signaling in 

macrophages by inhibiting their endocytosis using Cytochalasin D and evaluating the anti-

inflammatory effects of IL4 and IL4-sEVs on M1 macrophages. As shown in Fig. 4a–c, in the presence 

of Cytochalasin D, both IL4 and IL4-sEVs did not exhibit inhibitory effect on iNOS, an M1 marker, 

or induction effect on Arg1, an M2 marker. These results indicate that IL4R endocytosis is necessary 

for the transduction of IL4 signaling in macrophages and regulation of M1/M2 polarization by IL4 

and IL4-sEVs. 

Further, I evaluated the anti-inflammatory effects of IL4 and IL4-sEVs in macrophages with 

reduced sEV uptake abilities. MSR1, which recognizes various negatively charged ligands [33], has a 

major role in the uptake of sEV by RAW264.7 macrophages [34]. Therefore, it was assumed that, 

using MSR1-knockout RAW264.7 cells, I could evaluate the anti-inflammatory effects of IL4-sEVs 

under the condition of a reduced uptake of sEVs by macrophages. The sEV uptake by wild-type or 

MSR1-knockout M1 macrophages was investigated by flow cytometry. FITC-dextran was used as a 
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Fig. 3 Suppression and inducing effect of IL4-sEVs on the expression of M1 and M2 marker genes in 
RAW264.7 cells.  
Expression of pro-inflammatory and anti-inflammatory mediators in nontreated M1 macrophages (NT) and M1 
macrophages treated with control-sEVs, Gag-IL4 sEVs, IL4, or IL4-sEVs (IL4: 20 or 60 ng/mL). (a) TNFα 
concentration in the culture media (b) CXCL10 mRNA (c) iNOS mRNA (d) iNOS and GAPDH (as an internal 
control) proteins in cell lysates (e) Nitrite concentrations in the culture media (f), (g) Arg1 and CD206 mRNA 
(h) Arg1 and GAPDH (as an internal control) proteins in cell lysates 
The results are expressed as the mean ± standard deviation (n = 4). *P < 0.05, compared to the nontreated (NT) 
group. #P < 0.05, compared to the IL4 group.  
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marker for nonspecific fluid-phase endocytosis or macropinocytosis by macrophages [35]. The uptake 

of PKH67-labeled sEVs was reduced in MSR1-knockout M1 macrophages compared to that in wild-

type M1 macrophages, while the uptake of FITC-dextran was comparable (Fig. 4d). Subsequently, M1 

and M2 marker expressions in wild-type or MSR1-knockout RAW264.7 cells after the treatment with 

IL4 or IL4-sEVs were assessed. As shown in Fig. 4e–g, the gene and protein expression levels of iNOS 

and Arg1 in MSR1-knockout macrophages treated with IL4 were comparable to those in wild-type 

macrophages treated with IL4. On the other hand, the MSR1-knockout macrophages treated with IL4-

sEVs exhibited higher expression of iNOS and lower expression of Arg1, compared to those of the 

wild-type macrophages. These results suggest that the uptake of IL4-sEVs by macrophages through 

the recognition of sEV physicochemical properties was necessary for IL4-sEVs to exhibit the high 

anti-inflammatory effects.  
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I-3-

e 

Endosomal localization of IL4Rα in macrophages increased by adding IL4-sEV. 

 The localization of IL4Rα (IL4 receptor α) in M1 macrophages after the addition of control-sEVs, 

IL4, or IL4-sEVs was observed. Confocal microscopy images showed that IL4Rα and early endosome 

antigen 1 (EEA1) in macrophages colocalized more frequently in RAW264.7 cells added with IL4-

sEVs than that in the cells added with IL4 (Fig. 5a, b). This result supports the hypothesis that IL4-

sEVs promoted IL4R endocytosis compared to IL4. 
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Fig. 4 Effect of endocytosis inhibition on the anti-inflammatory effect of IL4 and IL4-sEVs against M1 
macrophages.  
(a), (b) iNOS and Arg1 mRNA expressions in M1 macrophages treated with IL4 or IL4-sEVs (IL4: 60 ng/mL) 
with or without Cytochalasin D. *P < 0.05 vs that with Cytochalasin D. The results are expressed as the mean 
± standard deviation (n = 4). (c) Western blot analysis of iNOS, Arg1, and GAPDH (as an internal control) in 
M1 macrophages treated with IL4 or IL4-sEVs with or without Cytochalasin D. (d) sEV and FITC-dextran 
uptake by wild-type or MSR1 gene knockout RAW264.7 cells. MFI: Mean Fluorescence Intensity (e), (f) iNOS 
and Arg1 mRNA expressions in wild-type or MSR1-knockout M1 macrophages treated with IL4 or IL4-sEVs. 
*P < 0.05 vs MSR1-knockout M1 macrophages. The results are expressed as the mean ± standard deviation (n 
= 4). (g) Western blot analysis of iNOS, Arg1, and GAPDH (as an internal control) in wild-type or MSR1-
knockout M1 macrophages treated with IL4 or IL4-sEVs. 
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I-3-f IL4-sEVs ameliorated severity of collagen-induced arthritis. 

To investigate the therapeutic potential of IL4-sEVs in chronic inflammatory diseases, I established 

CIA mice. PBS, control-sEVs, IL4, or IL4-sEVs were injected once daily into the ankle joints of CIA 

mice from day 27 after the onset of disease to day 36 (Fig. 6a). The intensity of arthritis was assessed 

in terms of the clinical score and hind paw swelling from the day of the second immunization. As 

shown in Fig. 6c, the CIA mice administered by IL4-sEVs daily exhibited a smaller increase in the 

clinical score compared to the CIA mice administered with PBS. In addition, IL4-sEVs attenuated the 

paw swelling in the CIA mice and were more effective than IL4 (Fig. 6d).  
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Fig. 5 Localization of IL4Rα in M1 macrophages added with IL4-sEVs.  
(a) Confocal microscopy images of M1 macrophages nontreated (NT) or treated with control-sEVs, IL4, or 
IL4-sEVs (IL4: 60 ng/mL). Green: Alexa Fluor 488 (IL4Rα), red: Alexa Fluor 647 (early endosome), blue: 
DAPI (nucleus). Scale bar = 5 μm. (b) The mean number of IL4Rα/EEA1 colocalized signals per cell. At least 
30 cells in each group were measured in three independent experiments. *P < 0.05 vs IL4. The results are 
expressed as the mean ± standard deviation. 
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I-3-g Joint inflammation in CIA mice was reduced by daily injection of IL4-sEVs into the 

joints. 

I further evaluated the pathologic states of the ankle joints on day 37 (one day after the end of the 

treatment) by a histopathological analysis and by measuring the mRNA expression levels of pro-

inflammatory cytokines in the ankle joints. Fig. 7a, b show H&E staining of ankle joints of normal 

control mice or CIA mice treated with PBS, control-sEVs, IL4, or IL4-sEVs. CIA-characteristic 

symptoms such as synovitis characterized by inflammatory cell infiltration and synovial proliferation, 

pannus formation, and bone destruction were identified in the joints of PBS- or control-sEV-

administered mice. Although bone destruction was hardly observed in the joints of the IL4-treated 

mice, inflammatory infiltration, synovial proliferation, and pannus formation were observed. On the 

contrary, mild infiltration of inflammatory cells into the synovium was observed in the joints of the 

mice treated with IL4-sEVs.  

The expression levels of pro-inflammatory cytokines (TNFα, IL6, IL1β, and IL12) were high in the 

joint tissues of the CIA mice treated with PBS. In the joint tissues of the mice administered with IL4, 

lower levels of pro-inflammatory cytokines were detected. However, most of these decreases were not 
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Fig. 6 Therapeutic effect of IL4-sEVs on the CIA mice.  
(a) Schematic of the protocol of CIA induction and treatment. (b) Photographs of the hind paw at day 37 of normal 
control mice or CIA mice after the treatment by each agent (PBS, control-sEVs, IL4, or IL4-sEVs). (c) Clinical 
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significant compared to the PBS-treated mice, whereas significant decreases in the pro-inflammatory 

cytokine expression level were observed in the tissues of the IL4-sEV-treated mice (Fig. 7c–f). Thus, 

the ankle joint inflammation and destruction were greatly suppressed by the daily intraarticular 

injection of IL4-sEVs, which shows consistent results with the clinical assessment. 
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I-3-h IL4-sEV treatment promoted the shift of synovial macrophage polarization toward 

the M2 phenotype. 

To characterize the synovial macrophage phenotype, I assessed the M1 marker (iNOS, CXCL10, 

CD86) and M2 marker (Arg1, IL10, TGFβ, and CD206) expressions in ankle joint tissues. As revealed 

by RT-PCR, the mRNA expression levels of M1 marker genes (iNOS and CXCL10) were significantly 

lower in the tissues of the IL4-sEV-treated mice than in the PBS-treated mice and IL4-treated mice 

(Fig. 8a, b). The M2 gene (Arg1, IL10, and TGFβ) expression was largely increased in the IL4-sEV-

treated ankles compared to those in the PBS-treated mice and IL4-treated mice (Fig. 8c–e). 

Immunohistochemical staining of CD86 (M1 marker membrane protein) and CD206 (M2 marker 

membrane protein) was also performed to further investigate the presence of M1 or M2 macrophages 

in the tissues. As shown in Fig. 8f, only a red fluorescence signal representing CD86 expression, which 

was not observed in the tissue of normal control mice, was observed in the PBS-treated tissues, which 
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Fig. 7 Severity of joint inflammation in CIA mice after the treatment.  
(a) Representative H&E-stained ankle joint tissue sections of normal control mice or CIA mice after the treatment 
by each agent (PBS, control-sEVs, IL4, or IL4-sEVs). Scale bar = 200 μm. (b) Histopathological score assessing 
synovitis, pannus formation, and cartilage and bone destruction at four grades (0–3: 0 = normal, 1 = mild, 2 = 
moderate, and 3 = severe). The results are expressed as the mean ± standard deviation. (c–f) TNFα, IL6, IL1β, 
and IL12 expressions in ankle joint tissues of the mice. The results are expressed as the mean ± standard deviation. 
*P < 0.05 compared to the PBS group. 
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shows that the joints of the CIA mice were infiltrated by M1 macrophages. In the IL4-treated ankle 

tissue, both red and green fluorescence signals were detected, indicating that some M1 macrophages 

in the joint were polarized to M2 macrophages. On the other hand, a considerably higher green 

fluorescence signal than the red fluorescence signal was observed in the IL4-sEVs-treated ankle tissue, 

which indicates that most macrophages were polarized to M2. This indicates that IL4-sEVs efficiently 

changed the phenotype of macrophages in the ankle joint tissues of the CIA mice. These data suggest 

that the anti-arthritis effects of IL4-sEVs are mediated in part by M1/M2 modulation. 
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Fig. 8 Evaluation of the macrophage phenotype in hind paws of the CIA mice after the treatment.  
(a–e) M1 marker (iNOS and CXCL10) and M2 marker (Arg1, IL10, and TGFβ) expressions in ankle joint 
tissues of the mice. The results are expressed as the mean ± standard deviation. *P < 0.05 compared to the 
PBS group. #P < 0.05 compared to the IL4 group. (f) Representative immunohistochemically stained ankle 
joint tissue sections of the normal control mice or CIA mice after the treatment by each agent (PBS, control-
sEVs, IL4, or IL4-sEVs). Scale bar = 100 μm. Green: Alexa Fluor 488 (CD86), red: Alexa Fluor 647 
(CD206), blue: DAPI (nucleus). 
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I-4 Discussion 

Synovial macrophages are the dominant effector cells in the initiation and progression of synovitis 

and bone inflammation in RA, which makes them a primary target in RA therapy [36]. In this study, I 

proposed an anti-rheumatoid therapy based on control of M1/M2 macrophage polarization.  

I selected HEK293 cells as IL4-sEV-producing cells because they can be efficiently transfected with 

plasmid DNA coding IL4-LA. However, given that sEVs derived from Mesenchymal stem cells 

(MSC), Adipose-derived stem cells (ADSC) and M2 macrophages are shown to have anti-

inflammatory properties [37–39], it is expected that loading IL4 to those sEVs could enhance the anti-

inflammatory effects.  

IL4-sEVs exhibited similar or larger inhibitory effects on M1 macrophages and induction effects 

on M2 macrophages compared to those of IL4 (Fig. 3). Endocytosis inhibition of macrophages using 

Cytochalasin D abolished the M1-inhibitory and M2-promoting effects of both IL4 and IL4-sEVs (Fig. 

4a–c), in agreement with a previous report [26], which confirmed the significance of endosomal 

compartments in IL4 signal transduction. It was indicated that in the case of IL4-sEVs, IL4 signaling 

at the endosome was triggered through endocytosis of IL4-sEVs via the recognition of their 

physicochemical properties by macrophages (Fig. 4d–g). The confocal images showed that sEVs 

fostered the IL4R localization to the early endosomes (Fig. 5), which supports the concept that the 

efficient endocytosis of IL4-sEVs by macrophages enhanced the IL4R internalization and subsequent 

IL4 signaling in the endosomal compartment, leading to the higher anti-inflammatory effects of IL4-

sEVs. Interestingly, the IL4R localization to the endosomes is independent on ligand binding [25,26]. 

This could explain the result that nontreated macrophages exhibited almost the same number of 

IL4Rα/EEA1 colocalizations as that of the IL4-treated macrophages at a lower rate than that of 

macrophages with IL4-sEVs or control-sEVs. 

The daily administration of IL4-sEVs for 10 days after the onset of the disease largely suppressed 

the aggravation of clinical symptoms in CIA mice (Fig. 6, 7a, b). The macrophage phenotype 

evaluation and pro-inflammatory cytokine profiles in the joints after the IL4-sEV treatment (Fig. 7c–

f and 8) suggest that IL4-sEVs inhibited M1 activation and induced M2 activation of synovial 

macrophages. Thus, it was speculated that by regulating the M1/M2 status in synovial macrophages, 

IL4-sEVs suppressed fibroblast proliferation, pannus formation, and bone destruction in the CIA mice 

(Fig. 7a, b)  

I believe that one of the largest benefits of this approach is that dosing can be initiated even after 

the onset of the disease, in which inflammatory sites are considered to be extensively infiltrated by 
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macrophages. In some other approaches aimed at T cell regulation or nonspecific immune suppression, 

therapeutic administration did not have sufficient efficacy. Therefore, dosing before the onset of the 

disease (preventive administration) was required [18,40]. However, the preventive administration of 

drugs is impractical for clinical use in RA therapy. Furthermore, while symptomatic approaches such 

as depletion of pro-inflammatory cytokines or inflammatory cells in the lesion do not promote tissue 

repair and remodeling, there is a possibility that M2 macrophages induced by IL4-sEVs promote tissue 

repair in joints. M2 macrophages are directly and indirectly related to wound healing [41]. M2 

macrophage can ensue the recruitment and activation of Th2 immune response, which is significant 

for tissue repair and regeneration following joint damage in rheumatoid arthritis [42]. In addition, M2-

macrophage-derived IL10, TGFβ, and BMP-2 promote osteogenesis by stimulating osteoblast 

differentiation [43–45]. Although the bone regeneration was not evaluated in this study, the capability 

of wound healing by this therapy is implied by the high expression levels of IL10 and TGFβ mRNA 

in the joints of the IL4-sEV-treated mice (Fig. 8d, e).  

 

I-5 Summary of chapter 1 

In this chapter, I demonstrated that IL4-loaded sEVs exhibited high anti-inflammatory effects by 

modulating the macrophage polarization. This indicates that sEVs enable the safe and efficient use of 

IL4, providing a new approach for the treatment of chronic inflammatory diseases. This is the first 

study developing IL4-carrying sEVs and fully utilizing their potential as both drug delivery vehicles 

and signal amplification vehicles. 
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II-1 Introduction  

Dysregulated nuclear factor-kappa B (NF-κB) activation is related to the onset and exacerbation of 

various inflammatory diseases, such as metabolic disorders, autoimmune diseases, and cancer [46–48] 

Especially excessive activation of NF-κB in macrophages contributes to those inflammatory diseases 

mainly through the enhanced expression of proinflammatory mediators [49]. Therefore, inhibiting NF-

κB activation in macrophages can serve as a strategy for the treatment of various inflammatory 

diseases. 

The NEMO binding domain (NBD) peptide is an NF-κB inhibitor that specifically binds to NEMO, 

one of the components of the IκB kinase (IKK) complex, and blocks the interaction between NEMO 

and IKKβ [50,51]. The IKK complex is composed of two protein kinase subunits, IKKα and IKKβ, 

and a regulatory component, NEMO, and NF-κB is mostly activated through IKKβ-mediated 

phosphorylation and degradation of IκB proteins [52–55]. Therefore, the suppression of IKK 

activation by NBD peptide via blocking the interaction between NEMO and IKKβ, inhibits NF-κB 

activation and the subsequent transcription of various proinflammatory genes [56–58]. However, as 

NEMO is located in the cytosol, the NBD peptide has to be stably internalized into the cells to exert 

its NF-κB inhibitory effects. Thus, a delivery system is needed to overcome the membrane 

impermeability and low stability of NBD peptides. 

Owing to their intrinsic properties as endogenous delivery carriers, and macrophage-targeting 

properties, sEVs were considered to be a promising delivery carrier of NBD peptides into 

macrophages [59–61]. Previous report suggested that cargos which were internally-loaded to sEVs 

were delivered into the cytosol more efficiently than those externally loaded on sEVs [62]. 

In this chapter, I developed a method to load the NBD peptide into sEVs by constructing plasmids 

encoding a fusion protein of Gag—that binds to the phosphatidylinositol-4,5- bisphosphate [PI(4,5)P2] 

in the inner membrane of sEVs [63]—and NBD peptides. As the NBD peptide demonstrates biological 

activity by binding to NEMO [50], and the interaction efficiency could be determined by the number 

of NBD molecules, I designed three types of fusion proteins containing one, three, or six repeats of 

NBD peptides. sEVs were isolated from HEK293 cells transfected with the plasmid constructs 

described above. After confirming the internal loading of the fusion proteins in the isolated sEVs, I 

investigated the inhibitory effects of the NBD peptide-containing sEVs (nNBD-sEVs) on NF-κB 

activation and the subsequent production of proinflammatory mediators in LPS-stimulated 

macrophages. 
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II-2 Materials & Methods 

Cell culture 

The murine macrophage cell line RAW264.7 and Human Embryonic Kidney cells 293 (HEK293) 

were obtained and cultured as described in Chapter 1. 

 

Construction of plasmids 

The gene sequence encoding Gag was obtained, as described in the previous report [63]. First, C-

terminal FLAG-tagged Gag sequence was constructed using a two-step PCR. Then, the Gag- FLAG 

encoding sequence was fused with the NBD sequence, three repeats of the NBD sequence, and six 

repeats of the NBD sequence using a two-step PCR, to obtain Gag-FLAG-1NBD, Gag- FLAG-3NBD, 

and Gag-FLAG-6NBD, respectively. Sequences of the primers used for cloning are available upon 

request. To construct the pCMV constructs encoding the corresponding fusion proteins, the cDNAs 

encoding the fusion proteins were cloned into the EcoRI/NotI site of the pcDNA3.1 vector (Thermo 

Fisher Scientific, Inc., USA), and those encoding the Gag-FLAG- 3NBD fusion protein were cloned 

into the EcoRI/XhoI site of the pcDNA3.1 vector (Thermo Fisher Scientific). 

 

Isolation of sEVs 

The HEK293 cells (4.0 × 106 cells) were transfected with the constructs encoding the Gag- FLAG-

nNBD fusion proteins using PEI Max (Polysciences, Inc., USA), as described previously [32]. sEVs 

were isolated from culture supernatants of non-transfected and transfected cells according to the 

method described in chapter 1. The amount of isolated sEVs was estimated by measuring the protein 

concentration using the Bradford assay. 

 

Preparation of cell lysates 

All cell lysates were prepared via multiple rounds of freezing and thawing followed by 

centrifugation at 15000 × g for 15 min. Additionally for the analysis of NF-κB pathway-related 

proteins, phosphatase inhibitor cocktail (Nacalai Tesque Inc., Japan) was added. Protein concentration 

was measured using the Bradford assay. 

 

Transmission electron microscopy (TEM) observation 

The sEV samples were observed by TEM according to the method described in chapter 1. 
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Measuring of zeta potential 

Zeta potential of sEVs was measured according to the method described in chapter 1. 

 

Flow cytometry 

The sEVs were stained using the PKH67 green fluorescent cell linker kit purchased from Sigma- 

Aldrich, as described previously [32]. Briefly, sEVs were mixed with 2 μM PKH67 dye prepared in 

Diluent C and incubated for 5 min at 25 °C. The staining reaction was stopped by addition of 5% 

bovine serum albumin prepared in PBS, and the samples were ultracentrifuged at 100000 × g for 1 h 

to remove the free PKH67 dye. The pellets were resuspended in PBS and PKH67-labeled sEVs were 

prepared. RAW264.7 cells were cultured overnight in a 96-well plate and were replaced with Opti-

MEM (Thermo Fisher Scientific). The PKH67-labeled control-sEVs and nNBD-sEVs (n=1, 3, 6) were 

added to the cells at a concentration of 10 μg/mL, followed by incubation for 4 h at 37 °C. Next, the 

cells were washed thrice with PBS, and were then suspended in the same. The cellular uptake of 

PKH67-labeled sEVs was determined using the Gallios Flow Cytometer (Beckman Coulter, USA) 

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

Coulter, USA) to determine the mean fluorescence intensity (MFI). 

 

Western blotting 

HSP70, CD81, Alix and Calnexin of sEV samples and HEK293 cells, and iNOS and GAPDH of 

RAW264.7 cells were detected according to the method described in previous chapter. FLAG of sEV 

samples was detected using mouse anti-FLAG M2 monoclonal antibody (1:10000; Sigma-Aldrich, 

USA). IKKβ, Phospho-IKKα/β (Ser176/180), IκBα, Phospho-IκBα (Ser32), NF-κB p65 and Phospho-

NF-κB p65 (Ser536) of RAW264.7 cells were detected using rabbit anti-IKKβ antibody (1:1000; Cell 

Signaling Technology), rabbit anti-Phospho-IKKα/β (Ser176/180) antibody (1:1000; Cell Signaling 

Technology), mouse anti-IκBα antibody (1:1000; Cell Signaling Technology), rabbit anti-Phospho-

IκBα (Ser32) antibody (1:1000; Cell Signaling Technology), rabbit anti-NF-κB p65 antibody (1:1000; 

Cell Signaling Technology), and rabbit anti-Phospho-NF-κB p65 (Ser536) antibody (1:1000; Cell 

Signaling Technology). 
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NF-κB reporter assay 

RAW264.7 cells seeded in a 100 mm culture dish at a density of 5.0 × 105 cells/mL were co-

transfected with pNF-κB-Luc (Mercury Pathway Profiling Luciferase system 1; BD Biosciences 

Clontech, USA) and phRL-TK vector encoding Renilla luciferase (Promega, USA; internal control) 

using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s protocol. After 

a 4-h incubation period, the cells were seeded into a 96-well plate at a density of 2.0 × 105 cells/mL 

and incubated overnight at 37 °C. The culture medium was replaced with Opti- MEM and the cells 

were treated with control-sEVs, 50μM curcumin (dissolved in ethanol), or nNBD-sEVs (n=1, 3, 6) for 

4 h, followed by stimulation with 0.1‒100 ng/mL of LPS (Sigma- Aldrich). After a 5-h incubation 

period, the cells were washed and lysed with lysis buffer supplied along with the luciferase assay kit 

(Piccagene Dual, Toyo Ink, Japan). The luciferase activity was measured using the abovementioned 

kit (Piccagene Dual), and chemiluminescence was measured using a luminometer (Lumat LB9507; 

EG and GBerthold, Germany). The fold induction in luciferase activity was calculated by normalizing 

the firefly luciferase activity to the Renilla luciferase activity. 

 

Assessment of the expression of NF-κB pathway-related proteins 

RAW264.7 cells were seeded into a 12-well plate at a density of 2.0 × 105 cells/mL and incubated 

overnight at 37 °C. The medium was replaced with Opti-MEM, and the cells were treated with control-

sEVs, curcumin (dissolved in ethanol) (Sigma-Aldrich), 1NBD-sEVs, or 6NBD-sEVs for 4 h. Next, 

the cells were stimulated with LPS (10 ng/mL) for 1 h, after which the cell lysates were prepared as 

mentioned above. 

 

Quantification of cytokine secretion 

RAW264.7 cells (2.0 × 105 cells/mL) were incubated in a 96-well plate overnight at 37 °C . The 

medium was replaced with Opti-MEM, and cells were pretreated with control-sEVs, curcumin 

(dissolved in ethanol), 1NBD-sEVs, and 6NBD-sEVs for 30 min, followed by stimulation with LPS 

(10 ng/mL). After a 24-h incubation, the supernatants were collected and the concentration of TNFα 

was measured using mouse TNFα enzyme-linked immunosorbent assay (ELISA) OptEIA sets 

(Pharmingen, USA) according to the manufacturer’s instructions. 
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mRNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) 

RAW264.7 cells were seeded into a 48-well plate at a density of 2.0 × 105 cells/mL and incubated 

overnight. The medium was replaced with Opti-MEM, and cells were pretreated with control- sEVs, 

50μM curcumin (dissolved in ethanol), 1NBD-sEVs, and 6NBD-sEVs for 4 h. Cells were then 

stimulated with LPS (10 ng/mL) for 12 h, following which total RNA was extracted as described in 

previous chapter. qRT-PCR was conducted according to the method described in chapter 1 using the 

primers of GAPDH, iNOS and CXCL10. 

 

Measurement of iNOS expression and NO production 

RAW264.7 cells (2.0 × 105 cells/mL) were incubated overnight in a 48-well plate. The medium was 

replaced with Opti-MEM, and the cells were pretreated with the control-sEVs, 50μM curcumin 

(dissolved in ethanol), 1NBD-sEVs, and 6NBD-sEVs for 4 h. Next, the cells were stimulated with 

LPS (10 ng/mL) for 12 h. For evaluating iNOS expression, the cell lysates were prepared as described 

above. For the measurement of NO production, the supernatants were collected and the NO 

concentration was determined using the Griess Reagent Kit (Biotium, USA) according to 

manufacturer’s instructions. Samples were analyzed using a plate reader (Multiskan, Thermo Fisher 

Scientific Inc.) by measuring the absorbance (OD570/OD620). 

 

Statistical analysis 

Statistical differences were evaluated using a one-way analysis of variance (ANOVA), followed by 

the Tukey‒Kramer multiple comparison test; p<0.05 was considered statistically significant. 

 

II-3 Results 

II-3-a Three plasmids were constructed and NBD-containing sEVs (nNBD-sEVs) were 

isolated. 

Plasmids encoding the Gag-FLAG-1NBD, Gag-FLAG-3NBD, and Gag-FLAG-6NBD were 

constructed (Fig. 9a). Western blotting for the FLAG tag indicated that all the fusion proteins were 

loaded to the sEVs. As the FLAG signals were detected even after the protease K treatment erased the 

CD81-derived signal (Fig. 9c), it was confirmed that all the NBD fusion proteins were loaded into the 

internal space of sEVs. 
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II-3-b The physicochemical properties of sEVs were not altered significantly upon NBD-

loading. 

Western blotting for sEV marker proteins, HSP70, AlIX, and CD81, confirmed the successful 

isolation of sEVs from the culture medium of non-transfected HEK293 cells and HEK293 cells 

transfected with the three plasmid constructs (Fig. 10a). Calnexin, an endoplasmic reticulum marker, 

was undetected in all sEVs, confirming the negligible contamination from cell-derived debris in the 

collected samples (Fig. 10a). To evaluate the physicochemical properties of sEVs, these were 

subjected to TEM observation and zeta potential measurement. The TEM images revealed that all 

sEVs had a similar morphology and size distribution profile (Fig. 10b). Zeta potential values of all 

collected sEV samples were comparable (Fig. 10c). These results suggest that the loading of fusion 

proteins did not significantly alter the physicochemical properties of sEVs. 
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Fig. 9 Plasmid construction 
and confirmation of nNBD-
sEV (n=1, 3, 6) isolation from 
HEK293 cells. 
(a) Plasmids encoding Gag-
FLAG-1NBD, Gag-FLAG-
3NBD, and Gag-FLAG-6NBD. 
(b) Western blot analysis of 
control-sEVs and nNBD-sEVs 
(n=1, 3, 6) using the FLAG 
antibody. The arrow indicate 
positions of the bands 
representing molecular weight 
markers. (c) Western blotting for 
control-sEVs and nNBD-sEVs 
(n=1, 3, 6) treated with protease 
K/untreated, detected using the 
FLAG or CD81 antibodies. 
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II-3-c Loading of fusion proteins into the sEVs did not affect the sEV uptake efficiency in 

RAW264.7 murine macrophages. 

Subsequently, the cellular uptake of sEVs by the RAW264.7 cells was evaluated using flow 

cytometry. No significant differences were observed in the MFI of cells treated with control-sEVs and 

nNBD-sEVs (n=1, 3, 6) (Fig. 11). This indicates that loading of fusion proteins into sEVs had a limited 

effect on the sEV uptake efficiency of macrophages. 
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Fig. 10 Identification of NBD-loaded sEVs.  
(a) Western blotting for HSP70, CD81, ALI X, and Calnexin in control-sEVs, nNBD-sEVs (n=1, 3, 6), and 
HEK293 cell lysates (5 μg of protein). (b) Transmission electron microscopy (TEM) images (Scale bar=100 
nm) and histograms of particle size distribution of control-sEVs and nNBD-sEVs (n=1, 3, 6). (c) Zeta potential 
of control-sEVs and nNBD-sEVs (n=1, 3, 6). Results are expressed as the mean ± standard deviation (n=3). 
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II-3-d 6NBD-sEVs blocked the nuclear translocation of LPS-induced NF-κB in RAW264.7 

cells. 

Next, to investigate whether the nNBD-sEVs (n=1, 3, 6) exerted inhibitory effects with respect to 

NF-κB activation we used reporter assays after confirming LPS-induced dose-dependent increase in 

reporter gene expression in RAW264.7 cells (Fig. 12a). The results revealed that the fold induction in 

RAW264.7 cells pretreated with 6NBD-sEVs was significantly lower than that in non-treatment (NT) 

cells (Fig. 12b). Conversely, there were no significant differences between the fold induction in cells 

pretreated with 1NBD-sEVs or 3NBD-sEVs and that in NT cells. These results suggest that the 6NBD-

sEVs had the ability to inhibit the translocation of NF-κB to the nucleus; however, the 1NBD-sEVs 

and 3NBD-sEVs had limited ability to inhibit NF-κB activation. As it was confirmed that both 1NBD-

sEVs and 3NBD-sEVs exerted limited inhibitory effects on NF-κB activation, the 3NBD-sEVs were 

excluded from the following experiments.  
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Fig. 11 Cellular uptake of sEVs by RAW264.7 murine 
macrophages. 
RAW264.7 murine macrophages were treated with 
PKH67-labeled control-sEVs and nNBD-sEVs (n=1, 3, 6). 
After a 4-h incubation period, the mean fluorescence 
intensity (MFI) of the cells was measured using 
fluorescence-activated cell sorting to evaluate the cellular 
uptake of sEVs. Results are expressed as the mean ± 
standard deviation (n = 3). n.s., not significantly different. 
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II-3-e LPS-induced phosphorylation of IKKα/β, IκBα, and NF-κB p65 proteins in 

RAW264.7 cells was inhibited by the 6NBD-sEVs.  

The mechanism underlying the inhibitory action of 6NBD-sEVs on the NF-κB signaling pathway 

was investigated. As it has been reported that the NBD peptide binds to NEMO and inhibits the 

phosphorylation of IKKα/β [50,58,64], we performed western blotting to assess the phosphorylation 

status of proteins that are a part of the protein complex. The analysis revealed that compared to that in 

cells of the NT group, the phosphorylation of IKKα/β proteins in LPS-stimulated RAW264.7 cells 

reduced after pretreatment with curcumin or 6NBD-sEVs, whereas pretreatment with control-sEVs or 

1NBD-sEVs did not induce the same effect (Fig. 13). Subsequently, the phosphorylation status of IκBα 

and NF-κB p65 was also evaluated. The phosphorylation levels of these two proteins were also 

reduced upon pretreatment with curcumin or 6NBD-sEVs (Fig. 13). These results indicate that the 

6NBD-sEVs inhibit NF-κB activation via the inhibition of its kinase activity and via the inhibition of 

IKKα/β phosphorylation. 
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Fig. 12 NF-κB reporter assay in RAW264.7 murine macrophages. 
(a) The fold induction in NF-κB reporter activity in RAW264.7 cells stimulated with the indicated concentrations 
of LPS. (b) NF-κB reporter assay in RAW264.7 cells pretreated with control-sEVs, curcumin, or nNBD-sEVs 
(n=1, 3, 6), and subsequently stimulated with LPS. Results are expressed as the mean ± standard deviation (n=4). 
*P<0.05 compared to the non-treatment (NT) group. 
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II-3-f 6NBD-sEVs suppressed NF-κB-dependent cytokine and chemokine expression in 

RAW264.7 cells. 

I further investigated whether 6NBD-sEVs exerted inhibitory effects on the expression of NF-κB-

induced proinflammatory cytokines (TNF-α) and chemokines (CXCL10). ELISA revealed that the 

levels of TNF-α secreted by LPS-stimulated RAW264.7 cells pretreated with 6NBD-sEVs were 

significantly lower than those secreted by NT cells, and that this was a concentration-dependent effect 

(Fig. 14a). Conversely, pretreatment with control-sEVs or 1NBD-sEVs exerted limited inhibitory 

effects. Additionally, the expression of CXCL10 mRNA reduced in response to pretreatment with 

6NBD-sEVs (Fig. 14b). These results suggest that the 6NBD-sEVs inhibited cytokine and chemokine 

expression in LPS-stimulated RAW264.7 cells by downregulating the NF-κB activity.  

Fig. 13 Western blotting for evaluating the phosphorylation status of proteins involved in the NF-κB 
pathway. 
(a) Western blot analysis of cell lysates (15 μg of protein) that were treated with control-sEVs, curcumin, 
1NBD-sEVs, or 6NBD-sEVs, followed by LPS stimulation, detected using antibodies against IKKα/β, p-
IKKα/β, IκBα, p-IκBα, NF-κB p65, p-NF- κB p65, and GAPDH. Representative blots of three independent 
experiments are shown. (b) The ratio of the band intensity of phosphorylated protein to that of the total protein, 
after normalized by the band intensity of the correspondent GAPDH. Data are presented as the mean ± standard 
deviation in fold change over NT group, obtained from three independent experiments. *p<0.05 vs NT group. 
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II-3-g Expression of the NF-κB-regulated inflammatory genes was inhibited by the 6NBD-

sEVs. 

In addition to TNF-α and CXCL10, the inhibitory effect of 6NBD-sEVs on iNOS—another 

inflammatory gene—was evaluated. The expression of iNOS at mRNA and protein levels in LPS-

stimulated RAW264.7 cells pretreated with 6NBD-sEVs reduced significantly compared to that in NT 

cells (Fig. 15a and 15b). Furthermore, the concentration of NO, an inflammatory mediator synthesized 

by iNOS, was reduced in response to 6NBD-sEV exposure, which corresponds to the results regarding 

iNOS expression (Fig. 15c). 
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Fig. 14 Inflammatory cytokine (TNF-α) and chemokine (CXCL10) expression in RAW264.7 cells. 
(a) TNF-α levels in the supernatant of RAW264.7 cells stimulated with LPS in the presence of control-sEVs, 
curcumin, 1NBD-sEVs, or 6NBD-sEVs using ELISA. (b) CXCL10 mRNA expression in LPS-stimulated 
RAW264.7 cells pretreated with control-sEVs, curcumin, 1NBD-sEVs, or 6NBD-sEVs using RT-PCR. 
Results are expressed as the mean ± standard deviation (n=4). *P<0.05 compared to the NT group. 
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II-3-h Anti-inflammatory effects of 6NBD-sEVs were obtained from sEV-mediated delivery 

of NBD peptides. 

Finally, I investigated whether NBD peptide uptake by macrophages was truly sEV-dependent. I 

conducted NF-κB reporter assay and iNOS western blotting with lysed nNBD-sEVs. The result of NF-

κB reporter assay revealed that there were no significant differences between the fold induction of 

luciferase activity in RAW264.7 cells preincubated with detergent-treated 6NBD-sEVs and that in 

non-treatment cells, although the fold induction was significantly decreased by pretreatment with 

6NBD-sEVs without detergent (Fig. 16a).Then, it was also revealed that detergent-treated 6NBD-

sEVs hardly decreased iNOS protein expression in LPS-stimulated RAW264.7 cells (Fig. 16b). These 

results suggest that the transfer of NBD peptides to the cytosol was occurred through sEV uptake by 

macrophages, and the anti-inflammatory effects were obtained by sEV-mediated efficient delivery of 

NBD peptides. 
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Fig. 15 Expression of iNOS and subsequent NO production in RAW264.7 cells. 
(a) Evaluation of iNOS mRNA expression in LPS-stimulated RAW264.7 cells pretreated with control-sEVs, 
curcumin, 1NBD-sEVs, or 6NBD-sEVs using RT-PCR. Results are expressed as the mean ± standard deviation 
(n=4). *P<0.05 compared to the NT group. (b) Western blotting for iNOS in LPS-stimulated RAW264.7 cells 
pretreated with control-sEVs, curcumin, 1NBD-sEVs, or 6NBD-sEVs. In each lane, 15 µg protein of cell lysates 
were loaded. (c) NO concentration in LPS-stimulated RAW264.7 cells pretreated with control-sEVs, curcumin, 
1NBD-sEVs, or 6NBD-sEVs. Results are expressed as the mean ± standard deviation (n = 4). *P<0.05 compared 
to the NT group. 
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II-4 Discussion 

The NBD peptide has been reported to be a potent NF-κB inhibitor [56–58]. To maximize the NF-

κB inhibitory effects of the NBD peptide, it is necessary to deliver the peptide into the target cells. 

Herein, I developed a method for delivering the NBD peptides efficiently into inflammatory 

macrophages using sEVs. Considering the mechanism underlying the action of NBD peptide, which 

involves binding to NEMO, it was considered that the extent of anti-inflammatory effect might be 

affected by the quantity of loaded peptides. Therefore, I constructed fusion proteins containing several 

NBD peptides, and optimized the quantity of NBD peptides loaded into the sEVs. 

In western blotting, the FLAG tag of nNBD-sEVs was retained after protease K treatment, 

suggesting that nNBD-sEVs can avoid degradation before and after their uptake by macrophages via 

endocytosis [27,61].  

 As mentioned earlier, sEV uptake by macrophages mostly occurs through the recognition of PS-
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derived negative charges on the membrane surface of sEVs. In this study, nNBD-sEVs were taken up 

by macrophages as efficiently as control-sEVs (Fig. 11), reflecting the result that nNBD- and control-

sEVs had a similar negative charge (Fig. 10). 

Subsequently, the biological activity of nNBD-sEVs was examined using the reporter assay (Fig. 

12). Only the 6NBD-sEVs significantly inhibited LPS-induced NF-κB activation in macrophages. The 

result indicates that the interaction between the NBD peptide internalized into the cytosol and NEMO 

was enhanced upon increasing the repeat number of NBD loaded into sEVs, and that the binding 

number of NBD peptide in 6NBD-sEVs with NEMO reached a sufficient number to demonstrate NF-

κB inhibitory effects. Western blot analysis of the phosphorylation status of NF-κB pathway-related 

proteins also indicate that the NBD peptides in sEVs bound to NEMO in the cytosol, resulting in the 

inhibition of IKKα/β phosphorylation and subsequent downstream signaling (Fig. 13).  

The 6NBD-sEVs inhibited the secretion and expression of TNF-α, CXCL10, iNOS, and NO, 

possibly through NF-κB inhibition (Fig. 14, Fig. 15). The inhibition of multiple proinflammatory 

mediators by the NBD peptide confirms that NF-κB is an important target molecule in inflammation.  

The result that free Gag-NBD fusion proteins exposed after sEV membrane disruption did not 

exhibit anti-inflammatory effects (Fig. 16) verifies that the anti-inflammatory effects observed in the 

current study were obtained sEV-mediated NBD peptide delivery to macrophages. This time, we 

selected the NBD peptide as a therapeutic peptide, and sEVs can be applied to macrophage delivery 

of other peptides, such as GSK3 inhibitor peptide [65,66], JNK and p38 MAPK pathway inhibitor 

peptide [67,68], and HSP90 inhibitor peptide [69,70]. 

 

II-5 Summary of chapter 2 

In this chapter, I demonstrated that sEVs successfully delivered bioactive peptides into macrophage 

cytoplasm suggesting the potential of sEVs as an intracellular delivery carrier. It was found that there 

was positive correlation between the loading number of peptides in sEVs and the magnitude of anti-

inflammatory effect. 
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Chapter 3 
 

Development of lEV-based, tumor 

associated macrophage (TAM)-targeted 

anti-cancer therapy   
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III-1 Summary of chapter 3 

In the tumor microenvironment (TME), it has been reported that tumor-associated macrophages 

(TAMs), displaying M2-like property [1], play a major role to suppress immune cell response and 

create the pro-tumoral environment [73,74]. This immunosuppression by M2-TAMs contributes to the 

resistance against immune checkpoint inhibitors [75,76]. Considering this, it was assumed that 

therapeutics that can alter TAMs from immunosuppressive M2 phenotype to immunostimulatory M1 

phenotype would assist the anti-cancer effect of immune checkpoint inhibitors by enhancing the 

immune response against cancer. Protein kinase A (PKA) and signal transducer and activator of 

transcription 3 (STAT3) are overexpressed in M2-TAMs. They increase the expression of 

immunosuppressive genes and decrease the expression of immunostimulatory genes in TAMs [77,78]. 

There are several peptides that efficiently inhibit PKA or STAT3 signaling, however, since both PKA 

and STAT3 are localized in the cytoplasm, those peptides require delivery systems [79,80]. 

In chapter 2, I found that the amount of cargoes loaded inside of sEVs was an important factor to 

obtain pharmacological effect. Based on this finding, I considered that a method for loading huge 

number of therapeutic peptides/proteins into EVs can enhance their potency as a drug delivery 

carrier. Thus, in this chapter, I initially attempted to establish a method for loading therapeutic 

peptides/proteins into lEVs, which have larger inner space for drug loading than sEVs. By using Gag 

protein, which binds to EV inner membrane, and two proteins, which form a stable complex, 

efficient peptide/protein loading into lEVs was achieved. Then, I developed lEVs multiply loaded 

with PKA inhibitor peptides (PKI) or STAT3 inhibitor peptides (STAT3i) by using the developed 

method. The ability of peptide-loaded lEVs to regulate TAM polarization, and to enhance anti-

cancer effect of anti-PD-1 antibody on breast cancer mice was evaluated.  
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Conclusion  
 

 

Dysregulation of macrophage function is associated with the onset and progress of inflammatory 

diseases, metabolic diseases, cancer, and so on. Therefore, controlling macrophage activation can be 

a promising treatment for these various diseases. EVs are membrane vesicles secreted by wide variety 

of cells, which recently have been researched for the clinical use as biomarkers, therapeutics and DDS 

carriers. Since systemically administered EVs are mostly taken up by macrophages, I considered that 

EVs could be applied for the development of macrophage-targeted therapeutics. Moreover, bioactive 

molecules such as peptides and proteins can be simply loaded to EVs by using genetic engineering, 

which was also considered as one of the advantages of EVs for the application as drug delivery carriers 

to macrophages. 

In chapter 1, I developed IL4-carrying sEVs by using genetic engineering, which enhanced anti-

inflammatory effect of IL4 on macrophages. sEVs efficiently delivered IL4 to the synovial 

macrophages in arthritis model mice, and exhibited high anti-arthritis effect by modulating the 

macrophage polarization. 

To investigate the potential of sEVs as an intracellular delivery carrier of therapeutic peptides to 

macrophages, in chapter 2, I developed sEVs internally loaded NF-κB inhibitor peptides. Also, to 

examine the relationship between the amount of cargoes in sEVs and pharmacological effect, I 

constructed sEVs loaded with different number of peptides. NF-κB inhibition and following anti-

inflammatory effect on macrophages were investigated. Since only sEVs multiply loaded with 

peptides demonstrated NF-κB inhibitory effect, I found that the amount of cargoes in sEVs was 

significant factor for obtaining pharmacological effect of cargoes. 

In chapter 3, based on the findings of chapter 2, I initially constructed an efficient method of cargo 

loading into lEVs. Using the established method, I developed lEVs multiply loaded with therapeutic 

peptides. lEVs successfully delivered the peptides into the macrophage cytosol, and modulated the 

activation of tumor associated macrophages. Furthermore, combination therapy of PD-1 blockade + 

peptide-loaded lEVs displayed favorable anti-cancer effect, suggesting that the combination therapy 

can be a promising option for cancer treatment. 

The findings in this thesis contribute to the development of macrophage-targeted EV-based 

therapies.  
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