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Preface

Extracellular vesicles (EVs) are nano-sized membranous vesicle released by various
types of cells [1-4]. It is reported that secreted EVs from donor cells contain miRNA and
proteins derived from that cell and function as intercellular communication tools by
delivering their cargos to the recipient cells[3,5] EVs have advantages on high
biocompatibility, utilization of endogenous function and easily genetic engineering [6].
Therefore, EVs are expected for a novel drug delivery system (DDS). However, EVs are
heterogenous vesicles that have different physicochemical properties (e.g. size and
surface charge) and biomolecules composition [7,8]. EV subpopulation can show
different pharmacokinetic properties depend on their physicochemical and biological
properties.

The improvement of EV productivity and pharmacokinetics (PK) is an important issue
for EV-based formulation [9]. As for PK of EVs, researchers have revealed that
intravenously administered small EVs (sEVs) rapidly eliminated by macrophages
because of recognition of charge of EVs [10,11]. Recently, our laboratory reported a novel
sEV subpopulation with a long blood circulation, while the productivity of this
subpopulation was limited [12]. Therefore, first of all, I decided to increase productivity
of the target EV subpopulation for EV-based formulation.

Oral administration is a non-invasive administration route and is easy for patients. To
date, application for oral administration of various nanoparticles for effective drug
delivery has been reported on their PK and therapeutic effects [13,14]. Compared to PK
of EVs in blood, there was less information on PK of EVs in gastrointestinal tract (GI).
Therefore, investigation of PK of EVs can be useful for developing oral EV formulation.
In addition, the size of nanoparticles can be one of important factors for the improvement
of absorption because of the smaller size can show higher permeability [13,15]. Therefore,
the size of EVs can also affect on PK profile of EVs.

Thus, in this thesis, I attempted to develop methods for improving the productivity of
target EV subpopulation and for qualitatively detecting them, which can be useful for the
development of EV-based formulation. Moreover, I investigated the effect of size of EV

PK and on permeability in GI tract.
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Chapter 1

Improvement of productivity and
development of detection methods for PS
low expression

small extracellular vesicles



1. Introduction

Small extracellular vesicles (sEVs), EVs with diameters of approximately 100 nm, is
the most popular EV population. It has been reported that bulk sEVs isolated from cell
culture medium using ultracentrifugation are rapidly cleared from blood circulation with
an elimination half-life (t1/2«) of less than 10 min and taken up mainly by macrophages in
the liver after intravenous injection [11,16,17]. On the other hand, a minor subpopulation
of sEVs, phosphatidylserine (PS)-deficient SEVs (PS®) sEVs), which can be isolated from
bulk sEVs, shows prolonged circulation [12]. 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 focused on charge of SEVs, and aiminig to increase the productivity of
PS® sEVs subpopulations and to develop a labeling method for detecting SEVs to check
the quality of SEVs for PS®) sEV-based formulation.



Section 1

Preparation of small extracellular vesicles (SEVs) with low PS expression by
enzymatic treatment to improve productivity of SEVs with high blood retention

1.1.1. Introduction

In previous studies, the key molecules that are responsible for the rapid clearance of
sEVs in blood were identified and discovered a novel sEV subpopulation with a long t1/24
[11,12,17,18]. Phosphatidylserine (PS) is a negatively charged phospholipid that is
abundant in sEV membranes [19,20]. The negative charge derived from PS in sEVs has
been found to play a crucial role in their recognition and uptake by macrophages [11,21].
In addition, sEVs with less PS exposed on their outer membranes, PS®) sEVs were
isolated from bulk sEVs and identified as an sEV subpopulation with an extremely long
blood retention time [12]. Although PS® sEVs were a minor sSEV subpopulation that
constituted approximately 10% of the bulk sEV population [12], the rate of their yield
from bulk sEVs, which is considered insufficient for therapeutic applications. Therefore,
the development of efficient preparation methods for PS®) sEVs remains a challenging
issue.

In this section, to increase the yield of PS® sEVs from bulk sEVs I used
phosphatidylserine decarboxylase (PSD), a mitochondrial enzyme that converts PS into
phosphatidylethanolamine (PE) [22]. I hypothesized PSD treatment depletes PS on bulk
sEV surfaces, leading in an increase of PS® sEVs. I performed PSD treatment of bulk
sEVs to increase the yield of PS® sEVs and subsequently evaluated the physicochemical
and pharmacokinetic properties of SEVs treated with PSD.

1.1.2. Materials and Methods
1.1.2.1. Cell culture

Murine melanoma (B16-BL6) cells were obtained from Riken BRC (Japan) and
cultured in Dulbecco’s modified Eagle medium (Nissui Pharmaceutical, Japan)
supplemented  with  10%  heat-inactivated  fetal = bovine  serum  and
penicillin/streptomycin/L-glutamine (Nacalai Tesque, Japan) at 37°C under humidified

air containing 5% COx.



1.1.2.2. Animals
Five-week-old male BALB/c mice were purchased from Japan SLC, Inc. (Japan). All
protocols for the animal experiments were approved by the Animal Experimentation

Committee of the Graduate School of Pharmaceutical Sciences of Kyoto University.

1.1.2.3. Plasmid DNA (pDNA)

The pDNA encoding gluc-Lamp2c was constructed as previously reported [12,16].
Briefly, for vector construction, the promoter and enhancer coding sequences of the
pCpG-mcs vector (Thermo Fisher Scientific, USA) were amplified by PCR and
subcloned into the Sdal and HindlIII sites of pPBROAD2-mcs (InvivoGen, USA). The
chimeric sequence of gl.uc-Lamp2c¢ was subcloned into the AflIl and Kpnl sites of the

constructed vector.

1.1.2.4. sEV isolation from culture medium

B16-BL6 cells were transfected with pDNA using polyethylenimine “Max”
(Polysciences, USA) as described previously [23]. After the transfection, the medium was
replaced with Opti-MEM (Thermo Fisher Scientific) and cultured for 24 h. Next, the
conditioned medium was collected and subjected to sequential centrifugation (300 x g for
10 min, 2,000 x g for 20 min, and 10,000 x g for 30 min), to remove cellular debris and
large vesicles, followed by filtration through a 0.2 um filter. The filtered medium was
then ultra-centrifuged twice at 100,000 x g for 1 h. The pellet was washed with phosphate-
buffered saline (PBS) and spun again at 100,000 x g for 1 h. The sEV pellet was re-
suspended in PBS, and the amount of recovered sEVs was estimated by measuring the

protein concentration using the Bradford assay [23].

1.1.2.5. Preparation of PSD or L7Ae protein

PSD and FLAG (DYKDDDDK) coding sequences were synthesized by Integrated
DNA Technologies, Inc. (USA) and Fasmac Co., Ltd. (Japan), respectively. The
optimized coding sequence for L7Ae, a ribosomal protein derived from Archaeoglobus
fulgidus, was synthesized by GenScript, Inc. (Japan). A sequence of PSD with the FLAG
tag in the C-terminal was prepared using PCR [16]. The PSD-FLAG coding sequence or
L7Ae sequence was subcloned into the EcoRI/NotI or EcoRI/Xhol site of the pGEX-6p-
2 vector, respectively, and transformed into Escherichia coli BL21 (DE3) pLysS cells.
The cells were cultured in 100 mL of Luria Bertani (LB) medium (containing 100 pg/mL
ampicillin sodium) and grown until ODgoonm Was approximately 0.5. Isopropyl-p-D(-)-
thiogalactopyranoside (IPTG) (Wako Pure Chemical Industries, Ltd., Japan) with a final



concentration of 1 mM was added to the medium, which was then incubated at 37°C for
3 h. After centrifugation at 3,000 x g for 15 min at 4°C, the culture medium was re-
suspended in Sonication buffer [S0 mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM DTT,
and protease inhibitor cocktail], and the PSD or L7Ae protein was extracted from E. coli
by sonication. Glutathione sepharose™ 4B was used to purify PSD from the extracted
solution. The amount of PSD was estimated by measuring the protein concentration using

the Bradford assay.

1.1.2.6. Characterization of PSD protein composition

The composition of PSD protein was confirmed using SDS-PAGE for protein staining

and western blot analysis, as previously described [12,24,25].

1.1.2.7. Liposome preparation

PS-rich liposomes were prepared using a thin film hydration method, as previously
described [10,11]. Briefly, PS-rich liposomes composed of DSPC:DOPS:cholesterol at a
molar ratio of 5:1:4 were extruded through polycarbonate membranes of 1 um pore size
using a mini-extruder device (Avanti Polar Lipids) [11]. The mean diameter + standard
deviation (SD) and the mean zeta potential + SD were 591.7 £9.7 nm and -78.5 £ 0.6 mV,

respectively. The liposomes were stored at 4°C until use.

1.1.2.8. Flow cytometry assay

To detect PS exposure on liposomes, aliquoted PS-rich liposomes were incubated with
purified PSD at final concentrations of 0, 20, 60, and 200 pg/mL for 3 h at 37°C. The
liposomes were then centrifuged at 10,000 % g for 5 min to remove the excess PSD in the
supernatants, re-suspended in 100 pL. of HEPES buffer [10 mM HEPES (pH 7.4), 140
mM NaCl, and 2.5 mM CaCl;], and incubated with FITC-labeled annexin V (1:20
dilution; BioLegend, USA). After centrifugation and removal of the supernatants, the
fluorescent-labeled liposomes were re-suspended in 200 pL. of HEPES buffer, and
fluorescence was detected using a Gallios™ flow cytometer (Beckman Coulter, USA).

The data were analyzed using Kaluza software (version 1.0, Beckman Coulter).

1.1.2.9. Treatment of SEVs with PSD or L7Ae

gluc-Lamp2c-labeled sEVs were incubated with or without PSD or L7Ae at a final
concentration of 200 pg/mL for 3 h at 37°C. The PSD or L7Ae mixtures were then washed
once by ultracentrifugation at 100,000 x g for 1 h to remove excess PSD. The final sSEV



pellet was re-suspended in 100 pL of PBS and used for downstream analysis.

1.1.2.10. Characterization of physicochemical properties of SEVs

The morphologies, particle sizes, and surface charges of SEV samples were evaluated
as described in previous reports [16,23,25], using transmission electron microscopy
(TEM; Hitachi H-7650, Hitachi High-Technologies Corporation, Japan), a qNano
instrument (Izon Science Ltd., New Zealand), and a Zetasizer Nano ZS (Malvern

Instruments, UK), respectively.

1.1.2.11. Affinity capture of PS® sEVs using TIM4-conjugated beads
To isolate PS® sEVs from sEV samples, TIM4-conjugated beads (Wako FUJIFILM,

Japan) were incubated with the samples for 1 h, and the supernatants were collected as

previously described [12].

1.1.2.12. Blood clearance

sEV samples were injected into the tail veins of BALB/c mice. Blood samples were
collected at the indicated time points. Serum was obtained by centrifuging clotted whole
blood samples at 8,000 % g for 20 min at 4°C. The serum was diluted with PBS, and gl.uc
enzyme activity was measured using a PicaGene Dual Sea Pansy Luminescence Kit (Toyo
Inc., Japan). The amount of SEVs in each sample was normalized to the injected dose (ID)
and expressed as % ID/mL [10-12,16].

The half-life (ti2), the area under the curve (AUC), mean residence time (MRT), and

clearance (CL) of gluc-labeled sEVs from blood after intravenous (i.v.) injection in mice

were calculated for each animal by integration from 5 to 240 min.

1.1.2.13. Statistical analysis

Statistical significance in the differences between two groups and multiple groups were

evaluated using the Student’s #-test and Tukey-Kramer test, respectively.

1.1.3. Results
1.1.3.1. PSD-coding pDNA was constructed and PSD protein was successfully
purified

PSD-coding pDNA was newly constructed. PSD protein was extracted from BL21
(DE3) pLysS cells transfected with PSD-coding pDNA and purified using the glutathione



S-transferase purification method. To confirm that the purification was successful, the
protein composition of PSD was evaluated using SDS-PAGE. The molecular weight of
the designed PSD protein was 71 kDa; two bands were observed at that position, and were
presumed to be derived from PSD protein (Fig. 1B). The level of expression of FLAG
increased in the solution extracted from IPTG-stimulated cells (Fig. 1B). These results

indicated that the desired PSD protein was successfully purified.
IPTG BL21

A -
*+) -) control
N
B
BL21
(+) (-) control

Fig. 1 Confirmation of PSD protein composition. (A) Protein profiles of PSD. Lane 1: Marker. Lane 2: Purified
protein from cells cultured with IPTG. Lane 3: Purified protein from cells cultured without IPTG. Lane 4: Purified
protein from non-expressing cells. (B) Western blot analysis of FLAG in purified PSD and control samples (1 pug
protein/lane).
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1.1.3.2. Purified PSD protein exhibited enzyme activity

To assess whether purified PSD protein retained enzyme activity, PS-rich liposomes
were used because they can be produced in large quantities and the amount of PS can be
easily detected. The changes in the levels of exposed PS on PS-rich liposomes incubated
with PSD were evaluated. Treatment with PSD reduced the levels of surface PS on
liposomes in a concentration-dependent manner (Fig. 2A). Moreover, to confirm whether
the upper peak that appears at higher concentrations of PSD is due to the formation of
liposome aggregates, the relationship between forward scatter intensity, which reflects
particle size, and fluorescent intensity was analyzed (Fig. 2B). The results showed an

increase in size consistent with the upper peak in Fig. 2A.
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Fig. 2 Evaluation of PSD enzyme activity and liposomes size.

(A) Detection of PS exposure on liposomes incubated with various concentrations of PSD using flow cytometry
analysis. (B) Geometric mean of the forward scattering intensity reflecting the particle size (solid line, circle
symbols) and the fluorescence intensity reflecting the PS amounts (dotted line, triangular symbols) in the
histogram in (A).
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1.1.3.3. PSD-treated sEVs were identified as PS® sEV-enriched subpopulation

The depletion of exposed PS on gluc-Lamp2c-labeled sEVs treated with PSD was
evaluated. Non-treated or PSD-treated sEVs did not exhibit morphological changes and
aggregation (Figs. 3A and 3B). Western blot analysis confirmed the successful removal

of excess PSD protein from the PSD-treated sEVs following the ultracentrifugation step

(Fig. 3C).
A B
[ s o wa N T 14
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Fig. 3 Physicochemical characterization of non-treated or PSD-treated sEVs.

(A) TEM image of non-treated (top) or PSD-treated (bottom) sEVs. (B) Particle size distribution of non-treated
(top) or PSD-treated (bottom) sEVs obtained by analyzing TEM images. (C) Western blot analysis of FLAG in
washed or unwashed sEVs treated with PSD (1 pg protein/lane).
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TIM4-based affinity capturing was performed to quantify the PS on sEVs treated with
PSD. The recovered glLuc activity in the non-captured fraction (NCF) of PSD-treated
sEVs normalized to the input was approximately three times higher compared to that of
non-treated sEVs (Fig. 4A).

Moreover, to confirm whether the increase in NCF was due to enzymatic conversion
of PSD, sEVs were collected after treatment with another recombinant protein L7Ae.
Here, L7Ae protein which is a ribosomal protein and has no enzymatic activity was used
as a control group for PSD [26]. Then, NCF of non-treated or L7Ae -treated sEVs was
recovered (Fig. 4B). Compared with non-treatment, the amount of NCF after L7Ae
protein treatment was not increased. These results indicated that the population of PS©)-

sEVs have increased with the enzymatic treatment of PSD.

On the other hand, measurement of zeta potential of non-treated, PSD-treated or L7Ae-
treated sSEVs were -20.3 +£2.2,-18.2+ 2.0 and -20.6 + 2.2 mV, respectively. This indicated
PSD treatment may not have converted enough PS to change the zeta potential of bulk
sEVs.

A 12.0
10.0 -
= 8.0 1
a
;g 6.0 -
X 40
2.0 - -
0.0
Non-treated sEVs PSD-treated sEVs Fig. 4 Effect of NCF recovery on
B recombinant protein PSD or
L7Ae treatment.
12.0 (A) Percentage of recovered gLuc
activity in NCF of non-treated and
10.0 PSD-treated sEVs using TIM4
beads. (B) Percentage recovered
5 8.0 gluc activity in NCF of non-
2 treated and L7Ae-treated sEVs
= 6.0 1 using TIM4 beads. Results are
?, expressed as mean + SD (n = 3).
S 4.0
ol -
0.0

Non-treated sEVs L7Ae-treated sEVs
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1.1.3.4. PS© SEVs recovered from PSD-treated bulk sEVs showed long blood-

circulation periods

The serum concentration profile and PK parameters of the NCF of PSD-treated sEVs
after i.v. administration were evaluated. The NCF of PSD-treated sEVs circulated longer
in blood than bulk non-treated sEVs (Fig. 5). In addition, the half-life and the AUC of
PSD-treated sEVs NCF were significantly larger, whereas the CL of that were
significantly smaller than those of bulk non-treated sEVs (Table 1).

These results indicated that the treatment of sEV's with PSD successfully increased the
yield of PS® sEVs with long blood-circulation half-life.

100 ;

/\ PSD-treated sEVs NCF
O Non-treated sEVs

Fig. 5 Pharmacokinetic characterization
of PSD-treated sEVs.

Time course of serum concentrations of
gluc activity after intravenous
administration of non-treated sEVs (3 x 108
RLU/s/shot) or NCF of PSD-treated sEVs (1
14 x 10% RLU/s/shot) into mice. Results are
3 expressed as mean % ID/mL + SD (n = 3).
*p < 0.05 compared with non-treated sEVs.

% ID/mL

0.1

0 50 100 150 200 250

Time (min)

Table 1 Pharmacokinetic parameters of non-treated sEVs and NCF of PSD-treated sEVs after
intravenous administration into mice.
Results are expressed as mean + SD (n = 3). *p < 0.05 compared with non-treated sEVs.

AUC CL

Sample t1/24 (Min) (% ID-h/mL) (mL/h)

MRT (h)

PSD-treated sEVs
NCF

Non-treated sEVs 16.3+8.0 6.3+1.2 16.3+3.1 1.491+0.21

36.6+9.1* 24.8+3.5% 4.1+0.6* 1.49+0.06
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1.1.4. Disscusion

Establishment of preparation methods for massive quantities of sEVs along with PK
evaluation is pivotal for the success of SEV translational applications. The previous report
indicated that PS® sEVs are promising drug carriers, owing to their long blood circulation
periods and high biocompatibility [12]. However, the currently used PS®) sEV isolation
method is unsuitable for large-scale preparation because of its high cost, poor scalability,
and limited yield. Herein, I proposed a distinct approach for the efficient preparation of
PS®) sEVs: the manipulation of lipid composition using PSD [23,27]. In this study, I
developed a method for the efficient preparation of PS® sEVs using PSD, a mitochondrial
enzyme that converts PS into PE [22]. Since it has been reported that 70% of exposed PS
on PS-rich liposomes can be transformed into PE [27], I hypothesized that PSD can partly
transform PS™ sEVs into PS® sEVs with their cargoes biologically intact via an
enzymatic reaction, which results in increased yields of PS®) sEVs.

A weaker fluorescence signal of Annexin V, which is specific to PS, was detected after
the co-incubation of PS-rich liposomes with PSD. This result suggests that the PSD
protein exerted enzyme activity that reduced the amount of surface PS. The upper peak
observed at higher concentrations of PSD was presumed to indicate an increase in the
apparent liposome size, likely due to the formation of liposome aggregates. This was
suggested by the increase in the geometric mean of forward scatter in the PSD-treated
group. Similarly, in the case of SEVs, the formation of SEV aggregates may occur due to
PSD treatment as well as PS-rich liposomes.

PSD treatment could also be applied to the depletion of PS exposed on sEV outer-
leaflet membranes; this was confirmed by the change in the population size of PS® sEVs
and the serum concentration profile. As PSD-treated sEV's were found to comprise a PS®
sEV-enriched subpopulation, the surface charge was considered to have been changed by
PSD treatment. To further confirm that the effect was not due to recombinant protein, we
utilized another recombinant protein L7Ae, which was purified the same procedure as
PSD protein. The amount of PS® sEVs recovered from L7Ae-treated bulk sEVs was
similar to that of non-treated. These results suggest that PSD treatment increases the
amount of PS®) sEVs through enzymatic conversion. However, PSD-treated sEVs showed
a negative charge comparable to that of non-treated or L7Ae-treated sEVs. It was assumed
that the increase in the population of PS® SEV population among PSD-treated sEV's was
insufficient to alter the zeta potential. The limited effect of PSD treatment may be due to
limited access to the surface by membrane proteins and glycans of sEVs. Furthermore,
some studies have reported that the activity of the PSD enzyme depends on the reaction

solution or PS concentration [28—-30]. Hence, the limited efficiency of enzymatic PS
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depletion should be improved in future studies.

1.1.5. Summary of Section 1

In this section, I successfully increased the PS® sEV yield from cultured cell-derived
sEVs using PSD treatment. This approach to improve the productivity of PS® sEVs
based on PSD treatment, as well as the basic PK information, will be foundational for

the therapeutic application of PS® sEVs.
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Section 2

Development of a detection method for a subpopulation focusing on PS status in
small extracellular vesicles

In section 1, I successfully increased the productivity of PS® sEVs, which can
contribute to the application of PS®) sEV based formulations. In previous studies, quality
control of the formulation has been deemed crucial to ensure its therapeutic efficacy, such
as stability and potency [31-33]. In the case of PS®) sEV-based formulation, it would be
crucial to detect PS® sEVs population in bulk sEVs for evaluate the quality of the
formulation. Next, for quality control toward PS® sEV-based formulation, I attempted to
develop a labeling method to detect PS® sEVs from the bulk.

To qualitatively detect SEVs, fluorescent labeling was used. Fluorescent labeling has
the advantages of simple detection by microscopy and in performing multicolor analysis
[34]. Fluorescent labeling of sEVs using lipophilic dyes such as Dil and PKH dye, which
can label a wide range of sEVs, is restricted to single use [35—38]. Multicolor analysis is
necessary to detect target sEV population in bulk sEVs.

In this study, I designed two fusion proteins comprising fluorescent proteins and sEV-
tropic protein or peptide to enable multicolor analysis. One fusion protein consists of
lactoadherin (LA) protein, a PS-binding protein, and EGFP (EGFP-LA) to detect PS-
positive sEVs [39—41]. The other fusion protein incorporates the Vn96 peptide, which
exhibits an affinity for the sEV-lipid membrane, and mCherry (mCherry-Vn96) to detect
bulk sEVs [42,43]. T attempted to develop a simple method for detecting SEVs according
to PS-expression levels on the surface of sEVs using these two fusion proteins.

Bulk sEVs were isolated from the culture supernatant of B16-BL6 cells double-
transfected with plasmid DNAs encoding EGFP-LA and mCherry-Vn96 by
ultracentrifugation method. Fluorescence from both fusion proteins was observed in bulk
sEVs using fluorescence microscopy. Additionally, in PS®™ sEV-depleted fraction isolated
from bulk sEVs by TIM4 affinity beads, the fluorescent signals of EGFP-LA were
decreased and the predominant fluorescent signals were from mCherry-Vn96. The result
of image analysis revealed that both signals were mostly detected in bulk SEVs, but single
fluorescent signals of mCherry-Vn96 were also detected to some extent, which imply the
existance of PS®) sEVs in bulk sEVs. The physicochemical properties of SEVs labeled
with these fusion proteins were hardly altered compared to non-labeled sEVs.

In this section, I developed a qualitative detection method using two types of fusion

protein consisting of fluorescent protein. This method could label sEVs and could detect
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differences in fluorescence distribution of sEVs. Consequently, this method allowed for
easy qualitative analysis for PS®) sEV subpopulation by fluorescence microscopy,
suggesting that this method can be useful for quality check for PS®) sEVs based

formulation.
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Chapter 2

Evaluation of the effect of extracellular
vesicles particle size on the permeability
of extracellular vesicles

in the gastrointestinal tract
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Oral formulations are a non-invasive and convenient route of administration for
patients compared to injectable formulations. To date, various nanoparticles have been
studied for application as drug delivery carriers in oral formulations [44]. In recent years,
several reports have demonstrated the pharmacological effects of orally administered
sEVs, including anti-tumor and anti-inflammatory effects [45,46]. PK analysis of EVs
is important for the development of EVs into oral formulations. For oral
administration, the most important factors affecting pharmacokinetics are biological
barriers in the GI tract such as the gastrointestinal mucosa, tight junctions and the
mononuclear phagocytic system [44]. Nanoparticle size is crucial for PK improvement,
with smaller sizes potentially enhancing permeability across barriers [13,15,47,48]. Thus,
I hypothesized that smaller EVs could enhance GI tract permeability.

In this study, three different sizes of EVs were isolated from cell culture medium
by differential centrifugation and size exclusion chromatography. After intraduodenal
administration of these EVs, the effect of EV size on absorption efficiency and
distribution of EVs in the GI tract was evaluated. To evaluate absorption efficiency, I
used a fusion protein (Gag-gLuc) composed of EV-tropic protein (Gag) and Gaussia
luciferase (gLuc) to label EVs. After intraduodenal administration of each labeled EV,
gluc activity in serum, small intestine and liver was measured to evaluate in vivo
absorption efficiency of each EV. Moreover, to identify recipient cell types of EVs in
GI tract, mice were subjected to intraduodenal administration of EV samples labeled
with fluorescent dye.

Three types of EVs with different size were successfully isolated from B16-BL6 cell
culture medium. From the TEM images of these EVs, the EVs isolated were
approximately 30, 100, and 500 nm in diameter. In the group of mice intraduodenally
administered with EVs of all sizes, little luciferase activity was detected in both serum
and organs. Moreover, immunohistochemical analysis was also performed on sections
of small intestine and liver after intraduodenal administration of fluorescently labeled
EVs. In the intestine sections in all groups administered with EVs, co-localization of
EVs and F4/80 as a macrophage marker was observed in the intestinal lamina propria.
This co-localization tended to increase in the group of mice that received smaller EVs.
On the other hand, co-localization of EVs and CD31 as an endothelial marker hardly
observed in the intestine. These results indicate that EVs in the GI tract are taken up
by macrophages in the intestinal lamina propria and hardly translocated into the blood.

In this chapter, I hypothesized that smaller EVs would exhibit higher permeability in
the GI tract after intraduodenal administration. Contrary to expectations, all types of EVs

with different size showed poor absorption into the systemic circulation and were instead
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taken up by immune cells such as macrophages in the intestinal lamina propria. These

findings can be a key for the application of EVs in oral immunotherapy.
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Conclusion

EVs are expected for application as DDS carrier, which have advantages on high
biocompatibility, loading exogenous molecules by genetic engineering. Therefore, EV
formulations are desired, but it is desirable to EV-based formulation with superior PK.
The purpose of this study is a basic investigation for the development of EV-based
formulations, focusing on the effects of size and surface charge on the PK of EVs.

In section 1 of chapter 1, I successfully increased productivity of PS®) sEVs using
PSD protein without changing PK properties of PS®) sEVs.

In section 2, I successfully detected PS® sEVs in bulk sEVs using fluorescence
microscope and two types of fluorescent fusion proteins.

In chapter 2, I found that all sizes of EVs were trapped by macrophages in the
intestinal lamina propria instead of transferred to blood. I also found that the smaller
EVs of size were more taken up by macrophages.

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

formulation with improved pharmacokinetic properties of EVs.
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