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Extracellular vesicles (EVs) are cell-derived membranous vesicles and are expected to be applied as a
carrier for novel drug delivery systems. The improvement of EV productivity and pharmacokinetics is
an important issue for EV-based formulation. Furthermore, EVs are heterogenous vesicles and shows
different pharmacokinetic properties depend on their physicochemical and biological properties. I
focused on EV’s charge or size in physicochemical properties of EVs as the factors affecting on
pharmacokinetic properties, because these factors are directly relating with EV productivity. In the
formulation process, it is necessary to improve the productivity of the target EV subpopulation. The
purpose of this study is a basic investigation for the development of EV formulations, focusing on the

effects of size and surface charge on the pharmacokinetics of EVs.

Chapter 1: Improvement of productivity and development of detection methods for PS low
expression small extracellular vesicles

Small extracellular vesicles (sEVs), EVs with diameters of approximately 100 nm, is the most
popular EV population. It has been reported that sEVs are rapidly eliminated after intravenous
injection. On the other hand, EVs are heterogenous vesicles with different physicochemical and
biological properties. Minor subpopulation of sEVs, phosphatidylserine (PS)-deficient sEVs (PS®)
sEVs), which can be isolated from bulk sEVs, show long circulation. Therefore, PS) sEVs are
attractive candidate for drug delivery systems. However, limited productivity of PS®) sEVs and lack
in a method to perform qualitative analysis of PS®) sEVs makes it difficult for the development of
PS®) sEVs-based formulation for delivery systems. In chapter 1, I attempted to increase productivity
of PS®) sEVs subpopulations and to develop a labeling method for SEVs to check the quality of SEVs.
Section 1: Preparation of small extracellular vesicles (sEVs) with low PS expression by enzymatic

treatment to improve productivity of sSEVs with high blood retention
Bulk sEVs collected via ultracentrifugation are rapidly eliminated by macrophages in the liver after

intravenous injection because of negative charge derived from PS. On the other hand, PS® sEVs
subpopulations with less PS exposed on their outer membrane show long circulation. Therefore, PS®)
sEVs subpopulations are considered to be a novel drug delivery carrier. However, these populations are
suffered from limited production, which makes the sEV subpopulation difficult for therapeutic
application. To improve the productivity, I developed the enzymatic reaction using phosphatidylserine
decarboxylase (PSD) to deplete PS of the surface on the bulk SEV collected via ultracentrifugation, in
order to increase the amount of PS®) sEVs. By the treatment of liposomes or bulk sEVs with PSD, the
PS levels on liposomes surface lower than untreated liposomes, and increased the yield of PS) sEVs.
Moreover, the serum concentration and pharmacokinetic parameters of PS) sEVs derived from
PSD-treated bulk sEVs showed long blood-circulation half-life compared with bulk sEVs. These results
indicate that the treatment with PSD can be used to increase effectively the amounts of PS®) sEVs.

Section 2: Development of a detection method for a subpopulation focusing on PS status in small




extracellular vesicles

Although bulk sEV-labeling methods have developed and used, a method to label a particular
population of EVs have hardly been developed. In this section, I developed a labeling method for
qualitatively analyzing PS®) sEV subpopulation using two types of fusion protein containing fluorescent
protein. To achieve this, a fusion protein of lactadherin (LA; PS-binding protein) and EGFP (EGFP-LA)
to detect PS-positive sEVs, and the other is a fusion protein of Vn96 peptide (sSEV marker, HSP70
affinity peptide) and mCherry (mCherry-Vn96) to detect bulk sEVs. I attempted to develop a simple
method for detecting PS-positive sSEV with PS on the surface using these two fusion proteins. Bulk sEVs
derived from cells transfected with plasmid DNA encoding the fusion proteins were collected and were
detected by fluorescence microscopy. Various fluorescence patterns from bulk sEVs were detected
and suggested subpopulation with PS status are present in bulk sEVs. Moreover, I isolated PS®
sEVs from bulk sEVs using TIM4-conjugated beads and observed their fluorescence. The
fluorescence ratio derived from EGFP-LA was decreased but not mCherry-Vn96. These results
indicate that I successfully developed a method for labeling sEVs using two fusion proteins. The

method developed in this study can be a useful method for detecting the PS status of collected sEVs.

Chapter 2: Evaluation of the effect of extracellular vesicles particle size on the permeability of
extracellular vesicles in the gastrointestinal tract

Biopharmaceuticals available for oral administration has been desired for noninvasive and simple
method. Although various studies on oral administration of EVs have been reported, PK of EVs in
GI tract remains unclear. In this chapter, I evaluated absorption efficiency and distribution of EVs
after intraduodenal administration using different size of EVs. I considered the smaller EVs would
improve their permeability in GI tract. To investigate this, I collected three different sizes of EVs,
approximately 30 nm, 100 nm and 500 nm. I used fusion protein (Gag-glLuc) composed of EV tropic
protein (Gag) and Gaussia luciferase (gLuc) to label EVs. After intraduodenal (i.d.) administration
of each EV, gluc activity in serum, small intestine and liver was measured to evaluate in vivo
behavior of EVs. To visualize recipient cell types, EV samples were labeled with fluorescent dye.
Cryosections of the small intestine were prepared and observed by fluorescence microscopy after
immunostaining. After i.d. administration, little gluc activity was detected in blood and liver for
each EV. Immunohistochemical observation showed that all types of EVs localized in the intestinal
lamina propria, and the degree of localization decreased with EV size. In addition, all types of EVs
co-localized with a macrophage marker, but not an endothelial cell marker. These results indicate
EVs are hardly translocated into the systemic circulation after i.d. administration and are mainly
taken up by immune cells such as macrophages in intestinal lamina propria. In addition, the size of

EVs can be one of the important factors affecting their behavior in the GI tract.

In conclusion, I have succeeded in developing methods on PS) sEV, which could help more effective
productivity and analysis for them. Furthermore, I revealed that EV size could affect their PK in GI

tract. These findings in this thesis could be useful the utilization of EV-based formulation.
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