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Abstract

Development of spleen targeting H2S donating liposome for therapeutic

immunomodulation of inflammatory bowel disease

Chiwoo Oh
Department of Applied Bioengineering
Graduate School of Convergence Science & Technology

Seoul National University

Nanoparticles systemically administrated are masilyested by immune
cells of mononuclear phagocyte system (MPS) relatgdns. Among MPS
related organs, the spleen filters the pathogedsisamvolved in systemic
immunity. Thus, there have been studies to develpfeen targeting
nanoparticles for systemic immune modulation of aurar inflammatory
diseases. Inflammatory bowel disease (IBD) is attared by chronic
inflammation in the gastrointestinal tract andaessidered incurable despite
many treatment options including immunomodulatdiydrogen sulfide
(H2S), one of gasotransmitters, involved in varioudi-@flammatory

related processes, and have shown therapeutic tbten various



inflammatory disease models including IBD. Howevesystemically
injected hydrogen sulfide donors have high reagtiand are difficult to
deliver specifically.

Herein, we developed-8 donor delivering liposome for spleen targeting
(ST-H:S lipo) and studied its immune modulation and thewdic potential
in dextran sulfate sodium (DSS) induced colitis eloth part 1 (chapter 2),
we compared liposomes with different polyethyleheg (PEG) types and
ratios to find the liposome which has high loadefficiency, stability, and
the ability of spleen targeting. In in vitro stuslieHS lipo showed
significantly higher HS release ability and immune modulatory effect than
those of unloaded 4% donor. In in vivo studies, ST-8 lipos demonstrated
substantial splenic accumulation and potent immuoedulatory effects. In
part 2 (chapter 3), ST43 lipo and conventional long-circulating liposomes
loaded with HS donors (LC-ES lipo) could reduce the inflammation
degree of colitis model whereas unloade ldonors could not. Moreover,
ST-H:S lipo showed significantly higher therapeutic effethan LC-HS
lipo, which can be attributed to the systemic imomodulatory effect of
ST-H:S lipo. Our results illustrate that spleen targetihS lipo may be a

new treatment option for IBD.

ii



Keyword: Nanoparticle, Spleen targeting, Hz2S, I1BD, Anti-inflammation,
Systemic immune modulation
Student Number: 2018-21910

iii



Table of Contents

ADSIFACT ... i
LISt OF FIQUIES ...t e vii
LiSt Of TADIES ... e X
List Of ADDreviation.........ccccoeeeieieiirie s xi
Chapter 1. INtrodUCLION ........coiiiieiieeeeeee e 17
1.1 Inflammatory bowel diseases (IBD) .......ccceeeeiiiiiiiiiiiiiiiiiiiiiiiiiins 18
1.2 Hydrogen sulfide (BB) ....ccveeriiiiiiiiiiee e 22
1.3 Spleen targeting nanopartiCle ............ueeeeveeiiiiinieiieeeeeeeeeeeeeeeeiiins 26
1.4 Research ODJECHVES .........uuuuiuiiii e 35

Chapter 2. Development of spleen targeting H2S donating liposome. 37

2.1 BaCKgroUNdS.......ccooe e eeememe et 38.

2.2 Material and MethodsS .........ooooieei i 48
2.2.1 MALEMAIS ....cevviiiiiiiie e eeeeeeneannn e A8
2.2.2 SYNthesis Of B liP0 .ooeevviiiiiiiiiiie e 49
2.2.3 Detection of b6 release from £B lipo..........coooeiiiiiiiiiiiiinnne, 50
2.2.4 Size stability and loading efficiency of$Hlipos....................... 53
2.2.5 In vitro experiments usingS PO ........eeeeiiiiiiiiiiiis 53.

2.2.6 The Comparison of in vitro,H release between various

PEGylation strategies of23 lip0 ..........eevveeviieiiiiiiiiiiininnnn, 54
2.2.7 The cell viability assessment after treat#a§ lipo................... 55
2.2.8 Radiolabeling method 08 ip0 .......ovveviiiiiiiiiiiiiis 55
2.2.9 In vivo PET images of radiolabelegdHipo. ...............ccvvveeeee. 56
2.2.10 FIOWCYIOMELIY ..oevveeveiiiiiiie s s e e e e e e e e e eeeeeaeenannnn e 57
2.3 Results and diSCUSSION............uuuiimemeeemreeeieeeeeee e e e e e e 59
2.3.1 Identification of ideal composition 0bSIlipo ........oevvvvennnnnnn. 59

2.3.2 In vitro HS releasing and immune modulatory effects ¢ Hpo

iv



2.3.3 Assessment of the spleen targeting abifity-& lipo ............... 77

2.3.4 The in vivo analysis of splenieddifferentiation by ST-ES lipo

2.3.5 Reflecting properties of PEG inFHIpoS.........cccccvvvviiviiiiiinnnnn. 83
2.4 SUMIMATY .ttt e et e e e e e ee e e e e e eeran e eas 85.

Chapter 3. Therapeutic effect of the systemic immune modulator in the

COlIISMOE! ..o 86
3.1 BacCKgroUNdS......coooiiiiii ittt 317.
3.2 Material and MethodsS .........o.ooo oo 90
3.2.1 Transcriptomics-level analysis of gasotrattens .................... 90

3.2.2 In vivo biodistribution of fluorescent28l lipo in DSS induced

COlItIS MOAEL ... 91
3.2.3 Animals and DSS induced colitis model . .........ovvveeennnnnnn. 91
3.2.4 DSS induced colitis model treatment.............cccocvivvviiiinenee. 92
3.2.5 IMMUNOTIUOIESCENCE ...t ettt 95
3.2.6 Statistical analySes............uuuuuemmmmmmiiiiiee e 95
3.2.7 Comparison of H&E-stained images and flumeasimages..... 96
3.3 Results and diSCUSSION............uuiiimmmeeemeeeieeieee e e e e e e 97

3.3.1 Transcriptomics-level evidence for the pb&tnof H.S based

therapeutics in ulcerative COlItIS..........ammmeeeeiiiiiiieeiiiiiiiieens 97
3.3.2 In vivo biodistribution of i8S lipo in a colitis model................ 103
3.3.3 Therapeutic effect of.8 lipo in the colitis model.................... 108
3.3.4 Comparison of therapeutic effect of colitisdel between ST4$

lipo and LC-HS liP0...cceuiiiiiiiiiiieee e 118
3.3.5 Therapeutic potential of various spleendgting) nanopatrticles .....

............................................................................................ 313
3.3.6 Possibility of b lipo as a new clinical immunomodulator in IBD

............................................................................................ 813

v



34 SUMMATY .t e e e r e e a e e eaa s 41

Chapter 4. CONCIUSION .......coiiiieiie e 142
RO BNICES. ..ot e e e e et e e e e e e e e e e e e eeeeaaans 146
ADSIFTACE 1N KOTBAN ..ot e e e e e e e e e e aeeeeaan 162
vi
2] ©



Figurel.l
Figurel1.2

Figure 1.3

Figure2.1
Figure2.2

Figure2.3
Figure2.4
Figure2.5.
Figure 2.6

Figure2.7

Figure2.8

Figure2.9
Figure2.10

Figure 2.11.

Figure2.12
Figure2.13
Figure2.14

Figure2.15
Figure2.16

List of Figures

Inflammatory Bowel Disease (IBD) .........ccccceeeeeeeeeeennn. 20
Hydrogen sulfide (:5) involving various physiological
PrOCESSES .. iiiiiiiie ettt ettt e e e e e e e e e e e e 24
Schematic illustration of thezB lipo treatment in DSS
induced colitis Model................euvvees e 36
H.S related anti-inflammatory responses.....................40
Spleen’s structure and roles of various splenmune cells

....................................................................................... 44
Mononuclear phagocyte system (MPS) ......commmmeeeeen. 47
Released £6 detection method ...............oeevvvvvvicmmnnn. 51
Gating Strategy of flow cytometry .......ccoeeeiiiiiiiiinnnnnn. 58

The scheme of 4% lipo composition, the comparison of

loading efficiency, and the comparison of surfaeeatarge

The stability test of b8 lipo with different PEGylation
S (= 1= 0 | L= T 63
The cell viability test and Cryo-TEM images of3Hipo ..64

The fluorescence images of release8 by HS lipos......67

The cell uptake images 0bS liP0......coovvvvvveiiiiiiiiiiiiis 69
Morphological analysis of M2 macrophage differation
....................................................................................... 70
Radiochemical stability test 8fCu-H.S lipo..................... 73

The in vivo PET images GfCu radiolabeled bS§ lipo......74

The time activity curve graphs of blood pool amdicate

circulation half-life ..........cco i 75

Quantitative analysis of in vivo PET images.................76

In vivo experiments of spleen targeting ability.............. 79
vii



Figure2.17
Figure3.1

Figure 3.2

Figure3.3

Figure3.4

Figure3.5

Figure 3.6

Figure 3.7

Figure3.8

Figure3.9

Figure3.10

Figure3.11

Figure3.12

Figure3.13

Figure3.14

Tregcell differentiation in spleen .........cccccceeeeeeeeinnnnnnn, 81
The schematic design of therapeutic experimaenxsS
induced colitis model.............ooooiiiiii e 94
The RNA expression analysis of enzymes relafigd HoS

in both DSS induced colitis model and ulcerativitiso
PALIENTS ...t 99
The RNA expression analysis of enzymes related Mith

Analysis using images of fluorescentSHipo and H&E
1= 1o [PPSR 107
The comparison of weight change (%) between normal,
saline, GYY4137,and B lip0.......ccoovviiiiiiiiiiiiiiienn 111
The comparison of inflammatory process betwesmal,
saline, GYY4137, and B lip0.........ccoovvvviiiiiiiiiiiiiie, 112
Alcian blue colon staining of treatment of DiSuced
COlitIS MOAEl ... 113
The comparison of colon lengths between norsadine,
GYY4137, and HS lip0 .....cvvviiiiiiiiiiiiiiiiieeeeee e 114
Gating Strategy of flow cytometry.......cccccevvvvvvvvinnnnens 115
The comparison of systemic immune modulatioac§

between normal, saline, GYY4137, angBHipo using the

dot plot of flow cytometry ..........ooovvviviemmmeeeiieeeeeeeeeee, 117
The comparison of weight change (%) between agrm
saline, ST-HS lipo, and LC-HS lip0.......cccoveveeiiiiinnnnnnn, 122
The comparison of inflammatory process betwesmal,
saline, LC-HS lipo, ST-HS lip0 ...cccovvvviiiiiiiiiiis 123
Representative H&E images about general critdria
histomorphology scores for colitis model .................. 124
viii



Figure3.15

Figure3.16

Figure3.17

Figure3.18

Figure3.19

The comparison of colon lengths between norsadine,

LC-H2S lipo, ST-HS lip0.....cooiieiceeeeeeeeee 125
Comparison of in vivo immune cell differentiatibetween
ST-H,S lipo and LC-HS lipo in spleen................oooens 126

Immunofluorescence images of FOXP3 differerdrain
spleen and ColoN ... e 128
Plasma cytokine analysis in the treatment ofgamson
between ST-ES lipo and LC-HS lip0........ccooocvviveeeennnns 130
H&E staining of extracted organs in the treattan

comparison between STz8 lipo and LC-HS lipo......... 132

ix



Table1

Table 2

Table3

Table4

Table5

Table6

Table7

List of Tables

Varied response rate of newer immunomodulatars............ 21
Treatment studies usiNgH dONOTS.........ccccoveevireeneeiineeens 25
Various spleen targeting strategies.......ccccceveevveveereererseenne 31
Strategies for targeting nanoparticles to spespienic immune

The table of time activity curve data...........ccccevvcveveecieseennens 77

Therapeutic potential of various spleen targetiagaparticles



List of Abbreviation

Full name Abbreviations

Percentage of the injected dose per

%ID/g
tissue weight
2-(p-Isothiocyanatobenzyl)-1,4,7-

(p-SCN-Bn)-NOTA triazacyclononane-N,N’,N’-triacetic
acid trihydrochloride

ICu-H.S lipo %4Cu radiolabeled b8 lipo

Ag Antigen

AgNOs3 Silver nitrate

AgS Silver sulfide

AHR Air hyperresponsiveness

AmB Amphotericin B

ANOVA One-way analysis of variance

APCs Antigen presenting cells

APCs Antigen presenting cells

APOA1 Apolipoprotein Al

AUC Area under curve

CBS Cystathionine-beta-synthase

CNP Chitosan nanoparticle

X1



COVID-19

COX-2

CRP

CTH

CTL

DC

DC-SIGN

DDAB

DIPEA

DIPEA

DIR

DLS

DMG-PEG

DMPC

DODAP

DOPE

Coronavirus disease 2019
Cyclooxygenase-2

C-reactive protein
Cystathionine-gamma-lyase
Cytotoxic T lymphocyte

Dendritic cells

Dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-
integrin
Dimethyldioctadecylammonium
N,N-Diisopropylethylamine
N,N-Diisopropylethylamine
1,1’-dioctadecyl-3,3,3',3'-
tetramethyl-indotricarbocyanine
iodide

Dynamic scattering light
PEGylation of myristoyl diglyceride
1,2-dimyristoyl-sn-glycero-3-
phosphocholine
1,2-dioleoyl-3-dimethylammonium-
propane

Dioleoylphosphatidylethanolamine

xil



1,2-Dioleoyl-3-

DOTAP
trimethylammoniumpropane
DSPC Distearoyl phosphatidylcholine
1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine
DSPE-PEG2k
(methoxy(polyethylene glycol)-
2000)
1,2-Distearoyl-sn-glycero-3-
DSPE-PEG2K-NH phosphoethanolamineN-
[amino(polyethylene glycol)-2000]
DSS Dextran sulfate sodium
EAE Encephalomyelitis
FITC Fluorescein 5(6)-isothiocyanate
FOXP3 Forehead box P3
H2S Hydrogen sulfide
H>S donor, GYY4137, loaded
H>S lipo
liposome
Hydrogenated egg
HEPC
phosphatidylcholine
HMOXs Ham oxygenases
IBD Inflammatory bowel disease

IFN-y Interferony

xiil



IL Interleukin

IL-10 Interleukin-10
INOS Inducible nitric oxide synthase
JAK Janus kinase

Conventional long-circulating

LC-H2S lipo
liposomes with HS donors
LNPs Lipid nanopatrticles
1-myristoyl-2-hydroxy-sn-glycero-
MHPC
phosphocholine
Mi Myocardial infarct
MPS Mononuclear phagocyte system
MPST 3-mcaptopyruvate sulfurtransferase
mTOR Rapamycin
3-[4,5-dimethylthiazol-2-yl]-2,5-
MTT
diphenyltetrazolium bromide reagent
MZ Marginal zone
NF-xB Nuclear factonB
NOSs NO synthases
Nanoparticle-stabilized
NPSCs
nanocapsules
Nonsteroidal anti-inflammatory
NSAIDs

drugs

X1V



0.D Optical density

PBS Phosphate buffered saline
pDNA Plasmid DNA
PEG Polyethlyene glycol
poly(ethylene glycol)-bl-
PEG-bl-PPS
poly(propylene sulfide)
PET Positron emission tomography
PFA Paraformaldehyde
1-palmitoyl-2-hydroxy-sn-glycero-
PHPC
3-phosphocholine
PLA Poly(DL-lactide)
Poly(DL-lactide-co-glycolide) with
PLG-H
high molecular weights
PLGA Poly(lactide-coglycolide)
1-palmitoyl-2-oleoyl-sn-glycero-3-
POPC
phosphocholine
Peroxisome proliferator-activated
PPARy
receptor gamma
PS Phosphatidylserine
RBC Red blood cell
RNA-LPX RNA-lipoplex

ROI Region of interest

XV



ROS Reactive oxygen species

RP Red pulp
S6K1 S6 kinase-1
4-sulfated N-acetyl galactosamine
SCNPs
conjugated chitosan nanoparticles
SiRNA Short interfering RNA
SLNPs Solid lipid nanoparticles
SORT Selective organ targeting
SPF Specific pathogen free
H>S donor delivering liposome for
ST-H:S lipo
spleen targeting
SUV Standard uptake value
SUV Standard uptake value
TEM Transmission microscopy
TET Ten-eleven translocation protein
TLC Thin layer chromatography
TNF Tumor necrosis factor
TPP Sodium tripolyphosphate
Treg Regulatory T cells
ucC Ulcerative colitis
WP White pulp

aGC a-galactosylceramide

XVi



Chapter 1.

Introduction
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1.1 Inflammatory bowel diseases (IBD)

IBD, which consists of ulcerative colitis and Cr&hndisease, is
characterized by a chronic incurable inflammatoryocpss in the
gastrointestinal tract with an uncertain pathoptiggjy (1, 2). IBD is one of
the growing global health problems with 6.8 millioases in 2017 globally,
and its prevalence rate is increasing from 79.5ragmt00,000 in 1990 to
84.3 among 100,000 in 201Figure 1.1A) (3). Although the mechanism of
IBD has not been clearly identified, it is reportdtht abnormalities in
immune regulation, genetic susceptibility, changes the intestinal
microflora, and environmental factors are assodiatavith its
pathophysiology (4, 5). Therapeutic options for IBiglude conventional
anti-inflammatory agents such as 5-aminosalicylaséeroids, newer
immunomodulatory agents such as tumor necrosisorfaCINF)-alpha
antagonist, anti-interleukin (IL) 23 and IL12 agerdnd Janus kinase (JAK)
inhibitors Figure 1.1B) (6). These newer immunomodulatory agents have
shown an efficacy in patients who did not respoadthite conventional
agents; however, the response rates have widelgdvénom 16~70% and
10~15% in patients who eventually underwent a ¢ohag due to refractory

disease Table 1) (7). Furthermore, these immunomodulatory ageais c

18



increase the probability of opportunistic infecBordue to immune

suppression (6, 8-10).
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25000 [ Males (number, 95% UI) [
[0 Females (number, 95% UI)

— Males (rate, 95% UI)

— Females (rate, 95% Ul)

200004

Total deaths

10000 |f| |

5000

Figure 1.1 Inflammatory Bowel Disease (IBD) A. Increase aé iBD
related deaths. From reference (3). B. Pathophygyobf IBD. From

reference (5).
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69.4
Infliximab TNF-a
455
18.5
) 16.5
Adalimumab TNF-o
17.3
Golimumab TNF-a 51
47.1
Vedolizumab Adhesion-molecules
44.8
Etrolizumab Adhesion-molecules 21
Tofacitinib JAK 78
Table 1 Varied response rate of newer immunomodulators.
From reference (7)
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1.2 Hydrogen sulfide (H2S5)

Hydrogen sulfide (bS) is one of the endogenous gasotransmitters that
involves various physiological processes (11, B2tause b5 has a crucial
role in the homeostasis of multiple physiologicahdtions, abnormally
decreased or increaseb3Hlevels are associated with multiple diseases
including hypertension (13), atherosclerosis (1d)abetes (15), and
gastrointestinal disorders (16)Figure 1.2). In particular, HS has
pronounced anti-inflammatory and cytoprotective eetf in the
gastrointestinal tract; therefore,>$ donors are considered promising
treatment agents in various gastrointestinal deseaddditionally, several
studies have demonstrated that £5 Hlonor that escalates theSHlevel in
tissues elicited notable therapeutic effects irastritis or colitis model (17-
19). However, in previous studies;$idonors were administered directly as
an experiment to demonstrate proof-of-concept fe6 Hreatment, and
studies on the development drug delivery systemsHgS donors are
lacking. An adequate drug delivery system for g5 Hlonor is needed
because direct administration has the followingtations: 1) it may not be
suitable for clinical translation because local adstration needs an
expansive and cumbersome procedure such as engp2¢d#pS donors are

not stable after they are dissolved in solutiond a®) a systemic
22



immunomodulation effect is less likely when it ignanistered locally

(Table 2).

23

J’ﬁ.! _CI:I ; 1_-_] i

re]



Brain: neuroprotective

Vasculature: protective,
pro-dilatory, inhibits platelet
aggregation

} Lungs: relaxes airways

} Heart: protective

:|— Visceral pain:
hyperalgesic

Gl: protective

Figure 1.2 Hydrogen sulfide (EB) involving various physiological

processes. From reference (11)
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Gastric ulcer
Colitis
Colitis
Acute joint inflammation
Asthma
Myocardial infarction

Obesity-induced kidney

injury

Acute lung injury

Diaphragm dysfunction

Intragastric
Intracolonic
Intracolonic
Intraperitoneal
Intraperitoneal

Intraperitoneal

Intraperitoneal

Intraperitoneal

Intraperitoneal

Table 2 Treatment studies using8 donors

ATB-429

Diallyl disulfide

NaHS or Lawesson’s reagen

GYY4137

NaHS

NaHS

NaHS

NaHS

NaHS

25

Not mentioned

Not mentioe
COX-2

-18/6/8, TNF«

IL-5/13

M2 maghage

IL-6/10, MCP-1

IL-6/8/10

NF-«xB, ROS

(19)

(17)
(18)
(20)
(21)

(22)

(23)

42
(25)



1.3 Spleen targeting nanoparticles

The majority of nanoparticles that are systemdsidajected are captured
by immune cells including macrophages, dendrititsceand lymphocytes
(26-28). Therefore, nanoparticles are considereghlyi suitable drug
delivery vehicles for immunomodulation in varioypés of diseases. In
particular, there have been studies utilizing splisegeting nanoparticles
for immunomodulation (29) because the spleen isléngest lymphatic
organ and modulates immune responses locally astdraycally in the body
(Table 3) (30). For example, Zhai et al. developed a sptaggeting cancer
nano-vaccine based on the damaged membrane ofloeed bells (29).
Kranz et al. developed RNA-lipoplex (RNA-LPX) withnet charge suitable
for DCs targeting (31). LoPresti et al. studied fipd types of lipid
nanoparticles (LNPs) suitable for spleen targetihgwas identified that
LNP using phosphatidylserine (PS) is 24-fold higepteen accumulation
than that of using dioleoylphosphatidylethanolam(@®PE) (32). Schmid
et al. reported that anti-CD8 antibody labeled mantcles can be used as
immune cell targeting delivery vehicles for cana@amunotherapy (33).
Sago et al. identified ratios and compositions diPLsuitable for spleen
targeting among over 250 compositions of LNPs usingigh throughput

method which is selectively read functional mRNAEry (34). Kimura et

26



al. demonstrated high loading efficiency of plasn#IA (pDNA) and
spleen targeting efficiency by using a certain oratif 1,2-dioleoyl-3-
dimethylammonium-propane (DODAP), an ionizabledjpand DOPE, a
helper lipid (35). Kimura et al. reported doubleattog method using a
specific ratio of pH-responsive ionizable lipid anctaarginine peptide as a
spleen targeting strategy (36). Cheng et al deeelopelective organ
targeting (SORT), a strategy to target specific aargby adding
supplementary components to LNPs. They demonstritedhigher the
molar percentage of 1,2-Dioleoyl-3-trimethylammanpropane (DOTAP),
the more it accumulates in spleen than in livel).(3lvarez-benedicto et al.
reported that the more negatively charged LNPs w#dre more they
accumulated in the spleen than the liver (38). traledeveloped a solid
lipid nanoparticles (SLNPs) for passive spleen dang. sLNPs with
specific ratios of stearic acid, soya lecithin, apdloxamer 188 has
characteristics of high spleen targeting efficie(9). Li et al. identified the
appropriate PEG length for spleen targeting glabridaded nanoparticles
by comparing various PEG lengths (40). Yi et ghoréed the polymersome
as the most suitable form for spleen targeting ubhoa comparison of
morphological structures composed of poly(ethylergycol)-bl-

poly(propylene sulfide) (PEG-bl-PPS) block copolysmg41). Several

27



studies have studied the ratio of composition afoparticles suitable for
spleen targeting. In addition, various spleen tangestrategies including
appropriate PEG length, lipid type, surface chargegd morphological
structure have been reported.

Among spleen targeting strategies, there have Iségies to develop
nanoparticles targeting specific splenic immune Isceflor immune
modulation Table 4). Shimizu et al. reported that a large amountntigan
(Ag) encapsulated in PEGylated liposome (PL) wds/eled to splenic B
cell in marginal zone by pre-injecting empty PL Y4Renton et al. reported
that mMRNA encapsulated in LNPs was successfulliveleld to splenic B
cells using organ-specific degradability of ioniablipid including
degradable linkages (43). Jeught et al. synthesi@ettybrid mRNA
nanoparticle (lipopolyplex) with a trimannose sugae and demonstrated
that the nanoparticle induced antitumor T-cell inmitya by delivering
MRNA to splenic dendritic cells (DC) without caugian inflammatory
response (44). Maldonado et al. reported dendceit targeting through
intravenously injecting tolerogenic nanoparticlekich improve immune
tolerance (45). Stead et al. developed porous osilimanoparticles
containing c-type lectin, dendritic cell-specifiatercellular adhesion

molecule-3-grabbing non-integrin (DC-SIGN), and @Dlantibody to

28



deliver immunosuppressive drugs to DC (46). Leuschet al. developed
LNPs carrying CCR2-silencing short interfering RN&RNA). the LNP
suppressed CCR2 expression by targeting inflammatmonocytes,
resulting in blocking localization to inflammatosytes (47). Tripathi et al.
developed 4-sulfated N-acetyl galactosamine comgua chitosan
nanoparticles (SCNPs) for targeting splenic macageh(48). Jiang et al.
developed the nanoparticle-stabilized nanocapsate cftosolic SIRNA
delivery to splenic macrophages. After intravengusjection of the NPSCs,
inflammation in mice was alleviated by silencing H-dexpression (49).
Van leent et al. delivered rapamycin (mTOR) inlubitand ribosomal
protein S6 kinase-1 (S6K1) inhibitor to myeloid lcesing apolipoprotein
Al (APOAL) based nanobiologics. As a result, tHilammatory response
of macrophages in the plague was reduced (50)o ®ital developed a
drug-free biodegradable nanoparticle targetingamfhatory monocytes and
neutrophils. The nanoparticle composed of 50:50y(pdl-lactide-co-
glycolide) with high molecular weights (PLG-H) allated the
inflammation by monocyte and neutrophil after imgaously injection (51).
To summarize, several studies developed nanopmtiglith targeting
moieties for splenic immune cells and showed thewtip potential in

various diseases, including inflammatory diseaséstamors.
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Double coating Sonication STRR& DMG-PEC 37 4.0
Adding a
Ethanol 18PA, 5A2-SC8, DOTAP,
supplementary -, vion method ~ DOPE, DMG-PEG 2l | =l
molecule
Selectlng the N BMP,4A3-SC8, DOPE, Around Around -
appropriate Pipetting DMG-PEG 140 4
phospholipi

30

160

N/M

300

50

69

170

150

488

(29)

(31)

(32)

(34)

(35)

(36)

(37)

(38)



. Modified
Passive

Actarit loaded - q solvent Stearic acid, soya lecithin, 241 + -17.14 +
SLNs ERIng D5 diffusion- poloxamer 188 23 1.6 LAl (28
organs :
evaporatio
Gla-loaded : Double 80.67+ -3.57+
nanoparticl Ideal PEG size emulsior DSPE-PEGuoo 571 0.12 150 (40)
Changing the
PS nanostructure  Controlled self- PEG-bI-PPS 1137 | "02% 16.7 (41)
assembly 1.68
morpholog

Table 3 Various spleen targeting strategies. Spleen tagetficiency (%) is calculated by the (spleenaket of the nanoparticle/
the liver uptake of the nanoparticle) x 100. iPSCE@ZRMIipo: iPSCs encapsulated in coalescent erytitmtposome, DPPC: The
phospholipid 1,2-dihexadecanoyl-snglycero-3-phospbbne, DDAB: Dimethyldioctadecylammonium, DSPE2-1Distearoyl-sn-
glycero-3-phosphoethanolamine, PEG: polyethyleyeda)l RNA-LPX: RNA-lipoplexes, DOTMA: N-[1-(2,3-Dieyloxy)propyl]-
N,N,N-trimethylammonium, PS: phosphatidylserine, RO selective oragn targetingDOPE: dioleoylphosiay&thanolamine,
DOTAP: 1,2-Dioleoyl-3-trimethylammoniumpropane, DMREG: PEGylation of myristoyl diglyceride, Gla: btadin, PEG-bl-

PPS: poly(ethylene glycol)-bl-poly(propylene sué)d
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Targeted splenic

immune cells

Targeted disease

targeting
efficiency (%)

Spleen

B cdls

B cdls

DC
DC

DC

Monocyte

M acrophage

Targeting
NP Type composition SEz S lE Composition
reagents
of NP
HEPC,
liposome Dl aGC, OVA DSPE-
PEGooo
PEC2ooc,
OF-Deg-Lin,
LNP OF-Deg-Lin MRNA DOPE, G4
PECaooc
. . MRNA/PEG- TriMan-Lip,
LNP | TriMan-Lip HpK polyplexs Lip1, Lip2
Rapamycin,
PLGA N/A OVA 323336 PLGA, OVA
Silicon CD11c Rapamycin, Silicon
NP DC-SIGN OVA323-339
C12-200,
LNP N/A CCR2-siRNA DSPC,
DMG-PEG
4-SOy Chitosan,
CNP GaNAc AmB TPP
32

Tumor

N/A

Tumor

Not mentioned

Not mentioned

Encephalomyelitis

Hemophilia A
N/A

Atherosclersis

Pancreatic islet

transplantatio
Tumot

Leishmaniasis

81

128

52.1

296

50.9

(42)

(43)

(44)

(45)

(46)

(47)

(48)



Spleen
STEEFEIETE Composition | Targeted disease targeting
reagents

efficiency (%)

Targeted splenic
immune cells

NP Type | composition

I Linoleic acid, LPS induced
Macrophage NPSCs N/A Arg-AUNP inflammation 44 (49)
si_ GADPH
_ Lipid MTORI MHPC, _
Myeloid cells based APOA1 DMPC Atherosclerosis 66.7 (50)
NP S6K1i POPC, PHPC
Neutrophil
Monocyte PLGA PLG-H N/A PLA, PLG-H Encephalomyelitis 14.3 (51)

Table 4 Strategies for targeting nanopatrticles to spesiiilenic immune cells. Spleen targeting efficie(f) is calculated by the
(spleen uptake of the nanoparticle/ the liver uptak the nanoparticle) x 100. DPSE: phosphatidgiettamine, PEG:
Poly(ethylene glycol), aGC: a-galactosylceramide, HEPC: Hydrogenated egg phasiyheholine, LNP: lipid nanoparticle, OF-
Deg-Lin: the ionizable lipid designed to includegoedable linkages, DOPE: dioleoylphosphatidyletemame, TriMan-Lip:

trimannosyl diether lipid. Lipl: O,0-dioleyl-N-[3KN-methylimidazolium iodide)propylene] phosphoraatiel Lip2: O,0-dioleyl-
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N-histamine phosphoramidate, PLGA: poly(lactidetgoglide), DC-SIGN: dendritic cell-specific intedadar adhesion molecule-
3-grabbing non-integrin, DMG-PEG: PEGylation of msyoyl diglyceride, DPSC: 1,2-distearoyl-sn-glyc&qhosphocholine,
CNP: chitosan nanoparticle, 4-SO4 GalNAc: 4-sutfatd-acetyl galactosamine, AmB: amphotericin B, TP%odium
tripolyphosphate, NPSCs: nanoparticle-stabilizedocapsules, APOAL: apolipoprotein A1, MHPC: 1-miay$-2-hydroxy-sn-
glycero-phosphocholine, DMPC: 1,2-dimyristoyl-siyagro-3-phosphocholine, POPC: 1-palmitoyl-2-olesiyglycero-3-
phosphocholine, PHPC: 1-palmitoyl-2-hydroxy-sn-ga3-phosphocholine, PLG-H: 50:50 poly(DL-lactice-glycolide) with

high molecular weights, PLA: poly(DL-lactide).

34



1.4 Research objectives

We developed b6 donor, GYY4137, loaded spleen-targeting liposomes
and tested their immunomodulatory properties iregtrdn sulfate sodium
induced mouse colitis moddFigure 1.3). Based on the anti-inflammatory
effect of the HS donor and the intrinsic immune cell targetindigbof the
nanoparticles, we hypothesized that 1) liposomaVvely of the BS donor
would elicit a higher immunomodulation effect comgzhto the unloaded
H>S donor and that 2) delivery of thex$1donor using spleen-targeting
liposomes would show a better immunomodulatoryctfmmpared to the

conventional long circulating liposome loadegSHionor.
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Figure 1.3 Schematic illustration of theA8 lipo treatment in DSS induced
colitis model. Immune responses according 8 Hpo of spleen and colon
are illustrated. DSS: dextran sulfate sodium, WRitevpulp, RP: red pulp.

The figure is created with BioRender.com
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Chapter 2.

Development of spleen targeting H2S donating liposome
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2.1 Backgrounds

H>S has an anti-inflammatory activity in cardiovaseculrespiratory,
gastrointestinal systems in various pathologicaldeions Eigure 1.1) (20,
21, 52). HS is rapidly diffused into the cytoplasm withoutspecific
transporter and involved in several anti-inflamnmatprocessesHigure
2.1) (12, 53-55). HS promotes &g differentiation, which is important for
preventing autoimmunity. ¥ promotes the expression of ten-eleven
translocation protein (TET1) and TET2 to maintaie tdemethylation of
forehead box P3 (FOXP3), resulting in moreyg Tdifferentiation and
immune homeostasis(56, 57).2.3 also promotes the secretion of
interleukin-10 (IL-10) associated withre§ (23, 24, 58). In macrophage
polarization, HS facilitates the production of peroxisome probfer-
activated receptor gamma (PPARand PPAR coactivator-B, resulting in
inducing anti-inflammatory M2 macrophage (22). Ime tinflammatory
signaling pathway, The nuclear facid- (NF«B) signaling pathway
induces the expression of pro-inflammatory cytokiaed chemokines such
as IL-1/6/8/b, interferon- (IFN-y), inducible nitric oxide synthase (iINOS),
cyclooxygenase-2 (COX-2), and tumor necrosis faatdfTNF-o). Several

studies have been showed thaSHnhibits the NFR<B signaling pathway,

38



resulting in alleviating inflammation (25, 59, 60jo sum up, hydrogen
sulfide has anti-inflammatory activity in a widenge of ways, from

signaling pathway to anti-inflammatory related immaicell differentiation.
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Several studies have demonstrated that treatmeng u$:S donors
alleviates symptoms in various disease models |tmregurom facilitating
anti-inflammatory responseslgble 2) (17-24). Li et al. reported that
GYY4137 mitigated knee joints swelling by decregsexpressions of IL-
1p/6/8 and TNFe in the acute joint inflammatory model (P< 0.05p)2
Zhang et al. reported that NaHS diminished air Ingsponsiveness (AHR)
by reducing activation of IL-5/13 in asthma mode(0.05) (21). Miao et al.
reported that NaHS attenuated myocardial infarck) (8ize by promoting
differentiation of M2 macrophage in Ml model (P<0D) (22). Wu et al.
reported NaHS relieved kidney dysfunction by ineneg expression of IL-
10 and decreasing expression of IL-6 and MCP-lbisity induced kidney
injury model (P< 0.05) (23). Li et al. reported tiNaHS alleviated degree
of acute lung injury (ALI) by promoting expressioof IL-10 and
diminishing of IL-6/8 in ALI model (P< 0.05) (24Xhang et al. reported
that NaHS preserved diaphragmatic function andgtra by inhibiting NF-
kB signaling pathway and reactive oxygen speciesSR{D diaphragm
dysfunction model (25). To sum up, versatilgSHnvolved in several anti-
inflammatory processes has shown therapeutic patentvarious disease
models.

The spleen, the largest lymphatic organ, is congho$e&arious structures
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and has different roles. Structurally, the spleenststs of red pulp (RP),
white pulp (WP) and marginal zone (MZyigure 2.2A). The spleen is a
reservoir of various immune cell§igure 2.2B). In the RP, monocytes,
macrophages, and dendritic cells are abundantpfiitraary role of the RP is
to filter blood borne pathogens and damaged ergities. WP consists of B
cells, T cells and dendritic cells, which are respble for antigen specific
immune responses to viral, bacterial, and fungalections (62).

Macrophages and metallophilic macrophages, B eeldsdendritic cells are
located in the MZ. Marginal zone macrophages cérmalize blood borne
pathogens and damaged molecules (63). MoreovethanMZ, antigen

presenting cells (APCs) ingest antigens and migrdatethe white pulp for

interaction with lymphocytes. The interaction betwehe lymphocytes of
the white pulp and APCs could inducgglcell differentiation from naive T
cells (30, 64). The spleen has a crucial role gulaing immunological

responses in various pathological states such @wensc stroke (65),
myocardial infarction (66) and infections includirgpronavirus disease
2019 (COVID-19) (30, 67). The progression of thegathological

conditions is strongly associated with the regalatf immune cells in the
spleen. For example, in ischemic myocardial injumgnocytes in the spleen

are mobilized and recruited to the ischemic myadcand The recruited
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monocytes have critical roles in the regulatiom@iimmation and repair of
damaged tissue (68). Therefore, spleen mediatedumammodulation is
gaining momentum as a therapeutic target in varpaikologic conditions

related to unregulated inflammation (29, 69, 70).
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The liver and spleen have a natural characteristiclear nanoparticles
from systemic circulation because they are a nhfilter for blood borne
pathogens and antigens which can have a similar with nanoparticles
(Figure 2.3). This characteristic can reduce the drug deliwdficiency to
diseased tissue such as tumors or inflammatoryrissitherefore, long
circulating nanoparticles have been developed tduae and delay
nanoparticle uptake in the liver and spleen. Howerexently, studies on
the re-direction of nanoparticles to target theesplare gaining attention for
immune modulative therapy (71). In an experiment polystyrene
nanoparticle biodistribution during systemic inflaation, nanoparticles
with a 20, 100, and 500 nm size mostly accumulatede marginal zone of
the spleen. Particularly, the nanoparticles wereremaramatically
accumulated in the spleen when inflammation wasigad in mice by
lipopolysaccharide (72, 73).

Conventionally, one of the most effective strategifor a longer
circulation was to modify the nanoparticle surfaseng polyethylene glycol
(PEG). PEG helps nanoparticles to maintain a miaieles condition, evade
the immune system, and enhance the delivery effitadhe target region
(74). Considering spleen targeting, surface PEGs due appear to be an

appropriate component of nanoparticles. Therefareetested various sizes
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and ratios of PEG to achieve a high stability, higading efficiency of

GYY4137, and effective spleen targeting.
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2.2 Material and M ethods

2.2.1 Materials

Raw 264.7 cell line was purchased from Korean Ciglé Bank (Seoul,
Korea). Distearoyl phosphatidylcholine (DSPC) waschased from Avanti
Polar  Lipids, Inc. (AL, USA). 1,2-Distearoyl-sn-glgro-3-
phosphoethanolamine (methoxy(polyethylene glyco&® (DSPE-PEG2k)
and DSPE-PEG5k, and 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamineN-[amino(polyethylene glycolpld0  (DSPE-
PEG2K-NH2 were obtained from Creative PEGworks (NGSA).
Cholesterol, N,N-Diisopropylethylamine (DIPEA), &t nitrate (AgNO3),
GYY 4137 (SML0100), phosphate buffered saline (PB®)et, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium brode reagent (MTT),
Triton X-100 were purchased from Sigma Aldrich (MG5A).

Antibody: CD45 (23-0451-81), CD4 (11-0041-81), FCBX@1-5773-82
and 45-5773-82), F4/80 (53-4801-80), CD80 (12-08R)- CD206 (53-
2061-82), Fluorescein 5(6)-isothiocyanate (FIT@)] &loechst 33342 were
purchased from Thermo Fisher Scientific (MA, USA)2-(p-

Isothiocyanatobenzyl)-1,4,7-triazacyclononane-N\Ntriacetic acid
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trinydrochlor ide  ((p-SCN-Bn)-NOTA) was  purchased rom
FUTURECHEM (Seoul, Korea). Hsip-1 was purchasedmfr®ojindo
(Kumamoto, Japan). Dextran sulfate sodium (DSS]), sailitis grade
(36000-50000) was purchased from MP Biomedicals ,(Q$A). 4%
paraformaldehyde (PFA) was purchased from Biose€aagngnam, Korea).
The PET images were acquired by GENISYS4, small 8&&&hner (Sofie
Bioscience, CA, USA), The in vivo imaging systerwI8, Perkin Elmer,
MA, USA) was used to fluorescence images. The aptaensity was
acquired by a microplate reader (SYNERGY H1, BiqTéK, USA). The
size distribution by dynamic light scattering (DL8as performed to using
the ZETASIZER Nano ZS (Malvern Instrument, WorcK)UThe Cryo-

TEM images were acquired by TALOS L120C (OR, USA).

2.2.2 Synthesisof H2S lipo

Self-assembled #$ lipo comprised DSPC, cholesterol, GYY4137, and
DSPE-PEGFKigure 2.6A). GYY4137 has been studied in diverse fields (20,
76, 77). All experimental group comprised identicelss ratio of DSPC and
cholesterol (6:1). 133.3ilM of H>S donor was prepared for.8 lipo.

Additionally, 600 pM of HS donor was prepared for reducing

49



administration volume of DSS treatment. The compmsiof H:S lipo was
dissolved in organic solvent; chloroform/methar®ll(v/v) and evaporated.
Dried lipids were vacuumed overnight for removiegidual organic solvent.
Dried lipids formed bilamellar vesicles through amgdistilled water (DW)

at 37C. Then, HS lipo was formed with several cycles of ultrasatin.

2.2.3 Detection of H2S release from H2Slipo

H>S released by ¥ donor or HS lipo was identified by precipitation
reaction with silver nitrate (AgNg§XFigure 2.4) (78). Firstly, AQNQ was
added to solution including 23 donor or HS lipo. D.W with BS lipo
added methanol to destroy liposomal structure. &elé HS reacted with
AgNOs and then the product, silver sulfide (AgS), wadirsented. AgS
was detected through colorimetric assay. The dptieasity (O. D) of AgS
was 405 nm. BB donor or HS lipo were quantitatively calculated by
standard curve. When doing colorimetric assay, tded reagent, AgQN$)

and methanol as 1:1:3 ratio.
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GYY4137, was released, AgN@eacted with KIS and precipitation of A%
occurred. B. The standard curve of serial dilutedY@&137 solution. The
calculated O.D of GYY4137 concentration was 10 mgMsnmg/ml, 2.5
mg/ml, 1.25 mg/ml, 0.6125 mg/ml, and 0.30625. Tlgation is y=
0.0692x + 0.0559, & 0.997. Conversion mass to mole used molar mass of
GYY4137 which is 376. 47 g/mol. C. Loading staliliest. GYY4137 and
H>S liposk-2 were stored in €. HoS detection method repeatedly performed
the same amount of stored samples every day. Taehgindicated the
percent change of O.D with reagents and AgNR= 3). O.D: optical

density, D.W: distilled water, AgN©silver nitrate
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2.2.4 Size stability and loading efficiency of H2S lipos

The stability of HS lipos was investigated using size distributioofifes.
Investigated S lipo was suspended with DW and stored at room
temperature. Size distribution profiles were acegiiby dynamic scattering
light (DLS). The acquisition time points were day3) 7 and 14. Loading
efficiency of BS lipos was compared by colorimetric assay at 9@srafter
precipitation reaction. Serial concentration groop GYY4137 were
simultaneously performed for calculating the staddairve. Measured O.D
value is converted into molar concentration usingidated GYY4137
molecular weight and the standard curve. Loadirigiefcy (%) of BS
lipo was calculated using below formula: loadingficegncy (%) =
GYY4317 mass converted from measured O.D/ initixlY8137 mass x

100%.

2.2.5In vitro experimentsusing H2Slipo

Macrophage cell line, RAW 264.7, was used to inovéxperiments. 0
cells were incubated in confocal dish. Next dajing, GYY 4137, and

fluorescent HS lipo were treated in RAW 264 cells respectively.
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Fluorescent kS lipo was used for examining cell uptake eSHipo. The
FITC was mixed with DSPE-PEG2k-Amine in the samdenwar weight.
The mixture was dissolved in organic solvent whepS Hipo was
synthesized. The time point of cell uptake images @, 1, 2, and 3 hours.
The fluorescence intensity is quantified using Iexadgn cell differentiation
study, we assessed ability of promoting anti-infiaaory (M2) macrophage
differentiation. The 64.57M of GYY4137 and HS lipo were treated in
RAW 264.7 cells. We observed elongated RAW 26415 edter 48 hours.
The elongation factor (A.U) is used as assessmetihod of macrophage
differentiation (79). The elongation factor is tmamber of dividing
longitudinal cell length into cross-sectional cethgth. It indicates M2
macrophage differentiation that the elongationdads increased. Saline,
bare lipo, GYY 4137, and 43 lipo are used as the reagents respectively. All

images are acquired by confocal scanning microscope

2.2.6 The Comparison of in vitro H2S release between various

PEGylation strategies of H2S lipo

In the HS release test, 10cells of RAW 264.7 were incubated in

confocal dish. Next day, cells were treated withgents. The reagents are
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saline, GYY 4137, and 1% lipos. Various PEGylation strategies ofSHipo
were used for comparing-H release ability depending on the mass ratio of
DSPC/DSPE-PEG and the type of PEG. After 2 houwmftreating the
reagents bS detection probe, Hsip-1, was used to identifgaséd HS (80).
The fluorescence intensity of releasegShvas quantified using ImageJ. All

images were acquired by confocal scanning micrascop

2.2.7 The cell viability assessment after treating H2S lipo

RAW 264.7 cell line was treated withx8l lipo in medium (DMEM with
5% fetal bovine serum).J3 lipo serially diluted based molar concentration.
After 24 hours treating with #$ lipo, 0.5 mg/ml of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide reagent (MTWas added and
incubated at 37C for 3 hours. After reagent removal, 100 pl of DM&@s
added. Absorbance at 540 nm was detected by mateogbectrophotometer

(81).

2.2.8 Radiolabeling method of H2S lipo

The Composite structure made of chelator and PEG wused to
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synthesize radiolabeled28 lipo. Firstly, 2-(p-Isothiocyanatobenzyl)-1,4,7-
triazacyclononane-N,\N,'-triacetic acid trihydrochloride ((p-SCN-Bn)-
NOTA) as chelator and PEG-amine were dissolved @thanol with same
molar ratio. N,N-Diisopropylethylamine (DIPEA) waslded in the mixture
for inducing covalent bond. The mixture was readtmdovernight. Then,
PEG conjugated chelator was added inSHIipo synthesis before
evaporating process. ChelatedSHipo was mixed with radioisotope in pH
5 solution adjusted by 2 M sodium acetate. The fimature was incubated
at 37°C for 30 minutes. In the end, serial size exclusthromatography
was proceeded for sorting purified radiolabele® Hpo. The radiolabeling
efficiency was assessed by radio-thin layer chrography (TLC) which is

ITLC plates with 50 mM EDTA solution.

2.2.9nvivo PET images of radiolabeled H2S lipo.

Compared compositions are$liposk-2, H2S liposk-s, and HS liposk-12. 50
uCi of ®4Cu radiolabeled b8 lipo ¢*Cu-H:S lipo) at saline was injected to
normal C57/BL6N mouse intravenously. The chronaabiPET Images
were acquired by PET scanner (GENESYS4). The aitignigzime point of

PET Images was 0, 2, 12, and 36 hours. Quantitatie¢ysis was conducted
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by MIM Encore (MIM software Inc., OH, USA). The calated region of
interest (ROI) was Bloodpool, spleen, liver, musdlee time-activity curve
of bloodpool was calculated by fit curve equatidbhe ROI was quantified
as percentage of the injected dose per tissue wgniiv/g). The standard
uptake value (SUV) was calculated by (tissue radivigdy concentration)/
[(injected dose)/(bodyweight)]. A time activity s&r was calculated by
fitting equation (y=yO+a*e-bx) using SUVmean of Btipool at 0, 2, 12,

and 36 hours.

2.2.10 Flowcytometry

Flow cytometry was conducted for assessing imnuatiedifferentiation in
spleen and bone marrow. FOXPand CD4 antibodies were used fore§
markers. CD80 and CD206 antibodies were used for M1 and M2
macrophage respectively. The scheme of gatingeglyatvas illustrated
(Figure 2.5). Extracted spleen and bone marrow were homogenikke
PBS washing was performed between each procedllrdat@ is acquired

by flow cytometer. All data is analyzed by Guaveyte program.
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Figure 2.5 Gating Strategy of flow cytometry. A. Procedurefs flow

cytometry using splenocyte B. Gating strategy ofvflcytometry analysis.
CD45 antibody was used as leukocyte marker. CD4FRWP3 antibodies
were used as regulatory T cell markers. CD80 an8(~dntibodies were

used as M1 macrophage markers. CD206 and F4/8fbdids were used as

M2 macrophage markers.
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2.3 Results and Discussion

2.3.1 Identification of ideal compaosition of H2S lipo

We synthesized a 33 donor, GYY4137, loaded liposome > lipo)
(Figure 2.6A). We tested various PEGylation strategies to agvéhe HS
lipo with high stability and an efficient spleemgating ability. Two types of
1,2- distearoyl-sn-glycero-3-phosphoethanolamingyolyethylene glycol
(DSPE-PEG) (PEG: 2 kDa or 5kDa) and four differemass ratios of
distearoyl phosphatidylcholine (DSPC) and DSPE-REG®2, 1:6, 1:2, and
1:1) were tested in the synthesis of thg&SHipo. The four different mass
ratios using 2kDa PEG (1:12, 1:6, 1:2 and 1:1) weamed HS lipoxk-1,
H2S lipok-2, H2S lipoks and BS lipox-12, respectively. The four groups
using 5 kDa PEG (1:12, 1:6, 1:2 and 1:1) were naidg8l liposk-1, H2S
liposk-2, H2S liposk-s and BS liposk-12, respectively. First, we tested the size
stability of the various b6 lipos in DW at room temperature for 14 days
using dynamic light scattering (DLS). We calculated size changes of the
H>S lipos between day 0 and day 14 to assess theaedrsize stability,
and the sizes of 13 lipok-1, H2S lipok-2, H2S lipok-s, H2S lipopk-12, H2S
liposk-1, H2S liposk2, HoS liposks and HS liposk12 were increased by

21.21%, 38.22%, 20.98%, 6.44%, 36%, 8.52%, 4.65%1 &2.53%,
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respectively Figure 2.7, Table 5). We considered #$ lipo groups with over

a 20% size change as unstable forms £8 kpo. Additionally, HS lipox-12

was the only ES lipo with 2 kDa PEG left’; thus, we could not qoane
characteristics of the 33 lipo with different 2 kDa PEG ratios. Therefore,
HoS liposk2, H2S liposke and HS liposk-12 were used in further
characterization experiments. TheSHdonor loading efficiency was tested
by a precipitation method using silver nitrate (AD8) (Figure 2.4A) (78).

The detected optical density (O.D) can be convertedthe molar
concentration using the weight concentration andeoubar weight of
GYY4137 calculated from the standard curt/g(rre 2.4B). There was no
significant difference in the loading efficiency tiveen the various #$
lipos (P = N.S.) kigure 2.6B). Next the surface net charge was analyzed
(Figure 2.6C). The zeta potential (mV) of43 liposk-2, H2S liposks, and HS
liposk-12 were -28.1+0.9, -24.8+0.8, and -23.2+0.2, respebi The surface
net charge of the 4% lipo tended to increase as the mass of the PEG wa
increased (b5 liposk2 vs. HBS liposkes, P < 0.01; HS liposk2 vs. HS
liposk-12, P < 0.001 and #b liposks vS. HbS lipcsk-12, P = 0.08). Moreover,
the loading stability test was confirmed with theSHletection method to
identify whether the t6 donor was well encapsulated and preserved in the

H>S lipo. We checked the percent change of the O.85Y%Y4137 and HS
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liposk-2 in D.W for 8 days. The O.D of GYY4137 increaseceotime up to
100% and was saturated at day 7; however, the OHR® lipcsk-2 was only
increased less than 10%, which indicated GYY4138% stably loaded in
the liposome. We speculated that GYY4137 is loaiethe hydrophobic
layer of the liposome because GYY4137 releasss iH aqueous solution
and does not release>$l in a hydrophobic environmenEiQure 2.4C).
Taken together, the 43 lipo is a drug delivery vehicle that could stably
encapsulate theJd3 donor without any unwanted:$irelease.

Additionally, cell viability after treatment with 5¥4137 and HS lipo
was tested by MTT assay in RAW 264.7 cells. GYY4a8d HS lipo were
not cytotoxic up to 12@M of GYY4137 (Figure 2.8A). In the cryogenic
transmission microscopy (TEM) images, we identifiedt HBS liposk-2 are

uniformly shaped bilamellar liposomdsigure 2.8B).
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Figure 2.7 The stability test of &6 lipo with different PEGylation strategies.
A. The stability of HS lipo was analyzed using size distribution praficd
DLS. The size distribution of ¥ lipo was acquired up to 14 days. B. The
table of BS lipo stability test. The data of size and PDIaadmng to

composition are filled in the table up to 14 d&yBI: polydispersity index.
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0 3 7 14
S Lo Size (d.nm) 96.2+4 103.3+45.8 104.8+65.9 116.6+45
2= 11p02-1 PDI 0.262 0.259 0.251 0.252
. Size (d.nm) 81.9+40.1 88.6+43.2 84.4+41.3 113.2+45.8
H2S lipozk-2
PDI 0.243 0.266 0.229 0.188
oS lingm,  SiZe d.nm) 69.1+24.7 70.5+28 79.6+18.5 83.6+29.2
25 11po2-6 PDI 0.162 0.145 0.148 0.151
HoSlinos s, | SZE (dnm) 63.7+22.8 66+24.6 69.2+20.2 67.8+21.4
22 11p02-12 PDI 0.157 0.134 0.460 0.150
. Size (d.nm) 115.3+43.8 114.4437.6 141.8+41.4 156.8+29.24
H2S liposk-1
PDI 0.193 0.22 0.207 0.200
S Lo Size (d.nm) 110.3+42.4 114.4+37.6 118.6+24.74 119.7+32.1
22 11POsk-2 PDI 0.211 0.220 0.252 0.227
. Size (d.nm) 101+25.4 104.9+21.6 108.7+21.4 105.7+20.58
H2S liposk-6
PDI 0.076 0.060 0.073 0.089
S libo Size (d.nm 816+25.7 85.8+24. 92.3+20." 91.83+24.4
2= 11POsk-12 PDI 0.171 0.16( 0.167 0.15-

Table 5 The stability test of b5 lipo with different PEGylation strategies. Tabidicates size (d.nm) and PDI up to 14 days. PDI:

polydispersity index.
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2.3.21Invitro H2Sreleasing and immune modulatory effects of H2Slipo

When RAW 264.7 cells were treatedSHlipos, they were able to release
H>S. We found that the 43 releasing ability of k8 lipo is superior to that
of the unloaded k6 donor, GYY4137. Moreover, as the PEG composition
included in the ES lipo was decreased, more3Hrelease was detected
(Figure 2.9). However, HS lipak1 and HS liposk1 were not used for
further experiments because they were unstabléensize stability test
(Figure 2.7, Table 5). Additionally, further studies were done usingSH
liposk-2 because it has the highest degree £8 Hleasing ability among the
stable HS lipos. In a cell uptake study, we found thatuaiféscent BB lipo
gradually was phagocyted by RAW 264.7 cells oweretifFigure 2.10). To
assess the immunomodulatory effect of th& Hpo in RAW 264.7 cells, we
calculated the elongation factor of the cells whech phenotypic marker for
anti-inflammatory M2 macrophageBigure 2.11A) (82). kS lipo was able
to induce macrophage elongation, and the degredoafjation was higher
in the BS lipo treated cells compared to the control, lgos, and
unloaded HS donor treated cells (P < 0.001, P < 0.01, P 010.0

respectively) Figure 2.11B, C).
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33342 was used for staining nucleic acid. Hsip-» waed for detecting
released bS5 by HS lipo after 1 hour from adding reagents (n = 4)TBe
graph indicates the comparison of quantified flsoesce intensity between
control, GYY 4137, and £8 lipos. *: P < 0.05, **: P < 0.01, ****: P <

0.0001.
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Figure 2.10 The cell uptake images of.8 lipo. FITC labeled &6 lipo is

used (n = 6). The confocal images were acquir€d &t 2, and 4 hours.
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Figure 2.11 Morphological ané%/ss Mé crophage differatiin. A.
The schematic design of elongation factor analygisThe graph indicates
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liposome, GYY4137, and 43 lipo (n = 8, respectively). C. The comparison
of M2 macrophage differentiation between bare lgmos, GYY4137, and

H>S lipo using morphological analysis. **: P < 0.6%%: P < 0.001.
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2.3.3 Assessment of the spleen targeting ability of H2Slipo.

Positron emission tomography (PET) image based idirdaltion
analysis was done to assess the spleen targetihity @b H>S lipo. We
selected ES liposk2, H2S liposk-s and HS liposk-12 to assess the spleen
targeting ability because 1) PEG 2 kDa includeg Hipos were more
unstable compared to the PEG 5 kDa included omes2pHS liposk-1 was
unstable. PET has the advantage of showing the igbifmition of
nanoparticles because it has excellent sensitanty can detect an altered
biodistribution by minor changes in the nanopae8c(83). To evaluate the
appropriate PEGylation strategy for spleen targgtime compared the in
vivo biodistribution of®*Cu radiolabeled kS liposk-2, H2S liposks, and HS
liposk-12.  First, we investigated the radiolabeling effiagn and
radiochemical stability using thin layer chromatggny (TLC). Even after
24 hours, the radiolabeling efficiency o6& liposk-2, H2S liposk-s, and HS
liposk-12 remained 94.46%, 92.79%, and 95.74% in phosphatterbd
solution (PBS), confirming successful radiolabel{Rrggure 2.12). From the
in vivo biodistribution shown on the PET imagewis identified that b6
liposk2 rapidly accumulated in the spleeRidure 2.13). The circulation

half-life of HoS liposiz, H2S liposks, and HS liposki2 was 4.4, 9.8, and 14.7
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hours, respectively, making 28 liposk-12 suitable for a long circulating
liposome loaded £$ donor Figure 2.14, Table 6). In the standard uptake
value (SUWhean graph, which quantitatively calculated thexSHlipos
targeted to the spleen, the Skhvhof HoS liposk-2 was significantly higher
than that of HS liposk-12. (P < 0.001). In the area under curve (AUC) of the
SUVmeangraph, the AUC of kB liposk-2 was significantly higher than that of
H2S liposk-12 (P < 0.001). In the spleen to muscle ratioSHiposk-1 was
significantly more accumulated than that ofSHiposks and HS liposk-12 (P

< 0.05, P < 0.05, respectivelygigure 2.15). We found a simple PEGylation
strategy suitable for spleen-targeting by quamgst analyzing the PET
images and designated$lliposk-2 as a spleen-targetingz8l lipo (ST-HS

lipo) and HS lipcsk-12 as a long-circulating #5 lipo (LC-HS lipo).
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Figure 2.12 Radiochemical stability test 6fCu-H:S lipo.®*Cu radiolabeled
H.S lipo with 5k-1, 5k-3, 5k-6 and fre&*Cu were compared. The
radiostability of compared group were calculatedfat 12h, and 24h. 5k:

DSPE-PEG5k, 1: 1 mg, 3: 3 mg, 6: 6 mg.
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Figure 2.13 The in vivo PET images df'Cu radiolabeled k$ lipo. The
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H2S lipos which include b5 liposk-2, H2S liposk-6, and HS liposk-12 (N = 3,
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Group (PEG)

Fitting equation a- 13.0357 a: 13.7958 a: 21.0601
-bx
y=y,tae b: -0.0794 b: -0.0794 b: -0.0402
RZ:c c: 0.997 c: 0.995 c: 0.996
Half-life (t,,,) 4.4 hours 9.8 hours 14.7 hours

Table 6 The table of time activity curve data. The tabieludes fitting equation and half-life data
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2.3.4Thein vivo analysis of splenic Treg differentiation by ST-H2Slipo

We also tested whether SB&lipo successfully delivers28 donors to
the spleenKigure 2.16A). We intravascularly injected saline, GYY4137,
and ST-HS lipo each into mice. Next day, the mice were anitted, and
the spleens were collected. The extracted spleems Wwomogenized and
reacted with AgN@ After the reaction, the spleen sample from theHSS
lipo injected mice showed the darkest color andniigaest O.D. among the
compared groupd-{gure 2.16B, C), which confirmed that ST-4$ lipo can
efficiently deliver BS donors to the spleen. Furthermore, we studied
whether the delivered 43 to the spleen affects the differentiation of
immune cells using flow cytometryFigure 2.16A). We observed changes
in the differentiation of regulatory T cells £, CD45FOXP3CD4" T
cells) among the splenocyte population. The S$-Hpo injected group
showed more &y differentiation than that of the saline and GYY413

injected groups (P < 0.01 and P < 0.001, respdgjiyEigure 2.16B).
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ST-H:S lipo were reacted with AgNQhen solution was calculated for O.D
using 405 nm absorbance of microplate reader. B. graph indicated that

the optical density of saline, GYY4137, and SZSHipo C. The images

were splenocytes with AQNOEach tube is a spleen of each mouse.

*P<0.5.
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injected every 3 days (N= 3) in normal mice. Théesp was extracted at
day10, and then splenocyte are analyzed B. Theldobf flow cytometry.
The graph indicated that§ of ST-HS lipo is significantly more
differentiated than GYY4137 (P < 0.001) and sa(ide 0.01). ST-E=S lipo:

spleen targeting #5 lipo, Treg: regulatory T cell, **: P < 0.01, **:P < 0.001.
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2.3.5 Reflecting properties of PEG in H2S lipos

The PEG is the most widely used polymer for drutiveey. By adding
PEG to nanoparticles, the effects of 1) preventsadf-aggregation, 2)
enhancing stability, and 3) extending circulationet are brought about. The
PEG shapes a steric barrier on the surface of iffesdme to inhibit
membrane fusion, resulting in preventing self-aggt®n and increasing
stability. In the size stability test of.H lipo, it was confirmed that the size
change tends to decrease as the mass ratio of RiE€asesHigure 2.7,
Table 5). Also, PEG extends circulation time because & é&ecellent water
solubility and reduces biological interaction. im vivo PET images, the
circulation half-life of HS liposk2 was 4.4 hours, and that ob$l liposk-12
was 14.7 hours, which increased more 3-fold chalipase 6). From this,
it can be seen that the circulation time increasethe PEG density of.B
lipo increases. PEG reduces biological interactibacause it has
characteristics of a steric barrier and confornmatio cloud. In the
fluorescence images of releasedSHit was identified that as the PEG
density increased, less& was released-(gure 2.9). This may be due to
the decrease in biological interaction with theéase in PEG.

H>S lipos reflect the characteristics of PEG, which non-ionic
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hydrophilic polymer. First, in the result of zetat@ntial study, the non-ionic
characteristic of PEG is reflected because theasarhet charge becomes
neutral as the PEG density of$lipo increasesHgure 2.6C). Second, the
size changes of #3 lipo according to the PEG lengths was identif&stdthe
same mass ratio (DSPC : PEG), it was confirmedttiesize of ES lipos
containing PEG; 2 kDa was smaller than that ¢ Hpos containing PEG;
5 kDa (Table 5). In addition, it is known that PEG affects drugading
efficiency. As the PEG density increases, the meamdbrpermeability
increases, and the loading of water-soluble driegsedses. Conversely, it
prevents the desorption of hydrophobic drugs. B rsult of the loading
efficiency experiment of b6 lipo, it was confirmed that there was no
significant difference according to PEG densiygre 2.6B). It could be
because GYY4137, the»H donor, is a water-soluble drug and can be
dissolved in an organic solvent. To sum upSHipos showed different
characteristics depending on the type and amouRREss, reflecting the

characteristics of PEG, a non-ionic hydrophilicymoér (74, 76, 84-88).
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2.4 Summary

In chapter 2, we developed a simple spleen targdtédery strategy for
H>S donor using one of the most widely used drugvdgfi systems, a
PEGylated liposome, through functional evaluatibgsn vitro and in vivo
experiments. First, through various characteriratiethods, bS lipos with
high stability among PEGylation strategies werenidied, and excellent
loading ability and no cytotoxicity were confirmdd.in vitro experiments,
H2S lipos showed superior 2B release ability and inducing anti-
inflammatory differentiation of macrophage celldinn vivo PET imaging
quantitatively showed that28 liposk-2 has excellent spleen targeting ability.
In the in vivo studies using normal mouse, we idext a significant uptake
of spleen of ST-b5 lipo and distinctive ability of +6 release. In addition,
ST-H:S lipo successfully inducedef differentiation in the spleen compared
to the unloaded #$ donor. These results suggest the potential of the
immunomodulatory function of ST43 lipo and lead us to the next

experiment.
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Chapter 3.
Therapeutic effect of the systemic immune modulator in the colitis

modée
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3.1 Backgrounds

Gasotransmitters are endogenously produced by usarenzymes in
mammalian cells. NO production is catalyzed fromarginine by a family
of NO synthases (NOSs). CO production is catalyzgda family of ham
oxygenases (HMOXs, also known as HOs) which drivesdative
degradation of ham. 43 production is catalyzed by CBS, CSE, and MPST
(also known as MST) (11, 89, 90). Studies have ntedathe expression of
gasotransmitter related enzymes in UC patientsthadcolitis model. For
H.S related enzymes, their degree of expressionssindilarly reported.
Kyle et al. reported that CSE expression an8 Bynthase are significantly
increased in the colitis model (>12-fold and >7dfolespectively) (91).
Additionally, Hirata et al. reported that the exg@®n of CBS and CSE is
significantly increased (92). These studies suggestat the increasecHl
by up-regulated enzymes promotes ulcer healing amdeliorates
inflammation as an anti-inflammatory molecule arat pathogenesis. In
contrast, Wallace et al. reported that the expoessi CBS and CSE is
significantly decreased in severe colonic injurytlad colitis model (18). De
et al. reported that the expression of CBS mRNA @amadein in the colitis
model is significantly down-regulated andSHlevels decreased (93). In UC

patients, Shanwen et al. reported that CBS exmess decreased
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compared to normal sites (94). To sum up, studege rshown that 1)
expression of &5 related enzymes could be increased or decreasdd)
increased b5 by up-regulated enzymes drives anti-inflammateaction.
This evidence could be one of the rationales toHiS: donor therapeutics
in UC. In CO related enzymes, HMOX-1 has been rgastlidied. In UC
patients, HMOX-1 expression was heterogeneous dicgprto severity.
HMOX-1 expression is increased at the site of a nmflammatory reaction.
On the other hand, HMOX-1 expression is decreasdgeasite of a severe
inflammatory reaction (95). These results may erpbar observation using
transcriptomics data that showed an increased ssipreof HMOX-1 in the
colitis model but decreased the expression in pigtieith UC. Because CO
is decreased in severe UC, it could be a therapeuaterial as well.
Recently, it has been reported that CO delivergés-entrapping materials
induced a therapeutic effect in the DSS inducedisohouse model (96).
NO has long been known to be involved in inflammat@actions in UC.
NO especially leads to tissue injury by oxidativeetabolism and is
produced in activated macrophages and neutrophilditionally, the NOS
activity in UC patients was 10-fold higher tharthe normal group (97, 98),
which is a similar finding with our transcriptomickata analysis in the

colitis model and patients with UC.
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In gastrointestinal systems, the effects @6Hh immune modulation are
well reported in various pathological conditionadliction of a stomach
ulcer in a rat resulted in an increased endogere8devel, and an inhibitor
of endogenous #b reduced the ulcer healing process (19). In tHgisco
model, BS donors showed notable therapeutic effects. Itihgoithe
endogenous synthesis of>$ resulted in severe mucosal injury and
inflammation of the colon. In contrasty$ldonors significantly reduced the
colitis severity and proinflammatory tumor necrdsistor (TNF)e cytokine
(18). Furthermore, delivering 28 into the colon helps to restore the
microbiota biofilm and increases the mucus gran(d€3. Among immune
cells, Teg has an important role in the pathogenesis of IBR [N Tweg
depleted mice, inflammatory cytokine and aggravamdéidmmation of the
intestine were increased. In additiongCells are responsible for inhibiting
the interaction between T cell and antigen presgntells (APCs) (22, 56,
79, 99). Additionally, IBD patients showed apopsosif Teg at the
inflammation site of the colon (100-103). Thereforee selected Iy
differentiation as a key immune modulation markeassess the protective

effect of the ST-IAS lipo in the DSS induced colitis model in thisdstu
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3.2 Material and Methods

3.2.1 Transcriptomics-level analysis of gasotransmitters

The RNA expression profiles of UC patients (GSE37and DSS
induced colitis model (GSE31906) were derived frgene expression
omnibus (GEO) of national center for biotechnolagformation (NCBI).
Investigated RNA expression of gasotransmitter tedlacnzymes were
cystathionine-beta-synthase (CBS), cystathionimarga-lyase (CTH), 3-
mcaptopyruvate sulfurtransferase (MPST), nitricdexsynthase 1(NOS1),
nitric oxide synthase 2 (NOS2), heme Oxygenase WM@MN1), heme
oxygenase 2 (HMOX2). The CBS, CTH, and MPST relgddsS. NOS1
and 2 released NO. HMOX1 and 2 released CO. In @3E3R rectum or
sigmoid colon was extracted from UC patients (8% &nd control group (n
= 20) for RNA expression analysis. Subjects whigrewdiagnosed at least
6 months before were selected to UC patients. Stshyehich had no lesion
or mild symptoms in gastrointestinal tracts werleced to control group.
In GSE31906, distal colon (about 8 cm) was extchfitem colitis model (n
= 27) and control group (n = 9). The raw data oEG%/13 and GSE31906
was analyzed using Bioconductor tool of R softwéParteck Inc, MO,

USA) (104, 105).
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3.2.2 In vivo biodistribution of fluorescent H2S lipo in DSS induced

colitis modd

Fluorescent b5 lipo was used to compare biodistribution betw&&n
H>S lipo and LC-HS lipo in DSS induced colitis model. Fluorescenge,d
1,1’-dioctadecyl-3,3,3',3'-tetramethyl-indotricady@nine iodide (DIR),
was dissolved in organic solvent with$llipo composite before evaporate
phase. The 8-week-old C57/BL6 mice were inducedtisanodel using
DSS. The reagents were intravenously injected tiisconodel mice at 7
days from giving DSS. Next day, injected mice wesacrificed and
dissected organ. The collected organs were headg¢le lung, kidney, liver,
spleen, small intestine, and colon. Fluorescentages of organs were
acquired by IVIS instrument. All fluorescence imagef organs were

quantified using living image 2.5.

3.2.3Animalsand DSS induced colitis model

The C57BL/6 female mice were purchased from thetitite for

Experimental Animals, College of Medicine, Seoultibiaal University. All
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experimental protocols were screened and approyethé Institutional
Animal Care and Use Committee of Seoul Nationalversity. All mice
were housed in specific pathogen free (SPF) fgcilihe colitis model was
induced by 3% DSS (36-50 kDa). The mice received38%& water for 7
days. Then normal drinking water were given for & All animal
experimental protocols were approved by the Insbibal Animal Care and

Use Committee of Seoul National University.

3.2.4 DSSinduced colitis modd treatment

The 8-week-old C57/BL6 female mice were inducedtisonodel using
DSS. Tap water with 3% DSS was given except fomabgroup (106). 3%
DSS water was given up to 7 days in the study éongaring groups which
are normal, saline, GYY 4137 (M and 100uM), ST-HS lipo (60uM
and 100uM) (107). In comparison test between S3SHipo and LC-HS
lipo, 3% DSS water was given up to 6 days in thel\stThe reagents were
intravenously injected every day or every other dgigure 3.1). The
weight change (%) was daily recorded for checkirsgase condition. The
colitis models were sacrificed using €Ghamber. The spleen and colon

were extracted. The red blood cell (RBC) lysis bufflas used when spleen
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was extracted. The whole colon length was examifeed comparing
contraction by inflammation. Distal 3 cm of coloangples were used to
colon weight and H&E staining. The colon per lengtas examined for
granular immune cell accumulation. The histologicahalysis was
conducted using H&E images of colon. The methothtddmmation score
was performed according to the reference (57, I0&}.score is marked by
0 to 11. The categories of inflammation score anesty of inflammation
(1 to 4), extent of inflammation (1 to 3), preseméeepithelial hyperplasia

(0 or 1), and presence of ulceration (0 or 3).
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Figure 3.1 The schematic design of therapeutic experimentslitis model.

A. The comparison of therapeutic effect betweemrady saline, GYY4137,
and HBS lipo in DSS induced colitis model. B. The compan of
therapeutic effect between normal, saline, $S$-Hpo, LC-HS lipo in DSS

induced colitis model.
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3.2.5 mmunofluorescence

The extracted spleen and distal colon were stored 4%
paraformaldehyde solution. After paraffin blockinthe paraffins were
sectioned to 4 um thickness. The sectioned slie¥s wocessed by several
phase for immunofluorescence. The xylene was usedmove paraffin in
tissue and then ethanol with serial concentratias used to remove xylene
in tissue. The distilled water was used betweeh @ascedure. For antigen
retrieval, sectioned tissue was incubated with Odf%ypsin for 25 min at
37°C. Then 0.1% of Triton X-100 was used to permeadiion for 10 min.
The 10% fetal bovine serum was used for blockin§erAprocedure of
antibody incubation overnight at %, Hoechst 33342 was used to stain
nuclei for 10 min. All Images were acquired usingnfocal scanning

microscope.

3.2.6 Statistical analyses

The statistics were performed using GraphPad Prsta@stical analysis.
Student’s T tests or Mann- Whitney tests were usedompare RNA

expression differences from GEO data. One-way ammalpf variance
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(ANOVA) with Tukey post hoc test was used to coneptiree or more

groups. The differences with P< 0.05 were consdlsignificant.

3.2.7 Comparison of H& E-stained images and fluorescent images

It is widely accepted that hematoxylin and eosir&B) staining can
exhibit histological characteristics in diversestiss such as lymphoma,
breast cancer, and prostate cancer. When idergifgpatial clusters from
H&E-stained images, various clustering algorithmg;luding K-means
algorithm, Watershed algorithm and Otsu threshgldimethod, have been
proposed. Among them, K-means algorithm is mosufapSpleen tissues
are especially characterized by the structure dfpelp, white pulp, and
marginal zone, so it is expected that identificatiof these histological
structures through clustering algorithms can belyepsrformed. K-means
clustering was used according to the literaturéerAdlefining a patch of 32
x 32 size around each pixel in a H&E staining imagE2 features were
extracted for each patch by using the VGG16 pred¢thCNN model. After
that, K-means clustering was applied to clusteelgixn the image. K was
set as 5 to represent background, border of eashej red pulp, marginal
zone, and white pulp, and then the border of essliég was also indicated

as the background. Lastly, each defined sectiothef H&E image was
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compared with the corresponding fluorescence imameguantify the

amount of fluorescence in each histological region.

3.3 Results and Discussion

3.3.1 Transcriptomics-level evidence for the potential of H2S based

therapeuticsin ulcerative colitis

To explore the potential of 49 based therapeutics in UC, we examined
the gene expression ob8l synthesizing enzymes in patients with ulcerative
colitis (UC) and in the mouse model of colitis;SHis synthesized by three
enzymes, cystathionine-beta-synthase (CBS), cystatle-gamma-lyase
(CTH), and 3-mercaptopyruvate sulfurtransferase $MA(109). In both the
UC patients and mouse model of colitis, gene esmwas of HS
synthesizing enzymes were significantly reduced amed to those of the
normal control Figure 3.2) (P < 0.0001, all graphs). This observation could
be one of the rationales to useSHdonor therapeutics in UC patients.
Meanwhile, the gene expression of the other gasermdters (NO and CO)
synthesizing enzymes were not significantly de@das colitis. In contrast
to the BS synthesizing enzymes, the CO synthesizing enzyhigOX1

and HMOX2, showed a significantly higher expresdiothe colitis model
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compared to the control group (P < 0.0001, P <1).@08spectively). In the
UC patients, HMOX1 expression was significantly &whan in the control
group, and HMOX2 expression was not significanilfjedent compared to
normal tissue (P < 0.0001Figure 3.3A). Moreover, the NO related
enzymes, NOS1 and NOS2, showed an increased exjpresshe mouse
colitis model compared to the control grodpgure 3.3B) (P < 0.0001, all
graphs). Taken togetherp8lis the only gasotransmitter whose related genes

are downregulated in both the mouse model of saditid patients with UC.
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comparison of expression of,8l related enzymes which are CBS, MPST,
and CTH. The graphs of DSS colitis model (top) ancerative colitis

patient (bottom) indicate quantified RNA expressifififerences.
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patient (bottom) indicate RNA expression differenoempared to control
group A. The comparison of expression of NO relatedymes which are
HMOX1 and HMOX2. B. The comparison of expressionG®d related

enzymes which are NOS1 and NOS2. ***: P < 0.00F**P < 0.0001.
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3.3.21nvivo biodistribution of H2Slipo in a colitis model

Before we moved on to examine the therapeutic efié¢.S lipo in a
DSS-induced colitis model, we evaluated the bioidhstion of ST-HS lipo
and LC-HBS lipo in the model. b8 lipo as a versatile platform could signal
fluorescence through the intercalation of DIR whishthe one of the
fluorescent dyes. Saline, DIR, DIR labeled S;BHipo and DiR labeled LC-
H>S lipo were each systemically administered intodbigis model. Organs
were removed after 24 hours, and fluorescence imagee obtained. We
hypothesized that ST43 lipo accumulates in the spleen, and L&SHipo
accumulates more in the inflamed site of the cothre to a longer
circulation time. As expected, ST8l lipo showed prominent uptake in the
spleen while LC-HS lipo showed minimal uptake (P < 0.0001). In thkmg,
both LC-HS lipo and ST-IS lipo accumulated in the colon, and the uptake
was significantly higher for LC-($ lipo compared to ST49 lip (P <
0.0001) Figure 3.4). Consequently, we identified that the PEGylation
strategies of BB lipo could be suitable for systemic or local
immunomodulation in the colitis model. SBH lipo demonstrated an
excellent spleen targeting ability and a moderameting ability to

inflammatory sites which therefore may elicit a teysic and local
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immunomodulatory effect. Meanwhile, LC:8 lipo may be suitable for
delivery of BS to an inflamed site due to its long-circulatimgperty.

We further explored the splenic distribution ofSHlipo through analysis
using fluorescent 8 lipo and H&E imagesHigure 3.5). We systemically
administrated DID labeld ST49 lipo in normal mice. After 24 hours,
spleen was extracted and used for the analysis. edsected, the
fluorescence intensity was not shown in the contis$ue. Also, the
fluorescence signals were well aligned with thediigical structures in the
spleen. Through evaluating the amount of fluorescgignal in each
compartment of the spleen, relatively high uptaké fluorescent
nanoparticles in marginal zone and relatively |gualke in white pulp were
observed. This suggests that immune cells in thergia Zone

significantly affect the action of 43 lipo.
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Figure 3.4 The ex vivo biodistribution in DSS induced colitrsodel. A.

Biodistribution of saline injected group, DIiR infed group, DiR-LC-HS

lipo injected group, and DIR-ST=8 lipo injected group were compared (n

= 3; saline and DIiR, n = 4; DIR-LC43 lipo, DiR-ST-HS lipo). The ex

vivo fluorescence images showed organs which aag (i), liver (Li), lung

(Lu), kidney (Ki), muscle (Mu), colon (Co), and eph. Organs were

collected after 24 hours intravenously injectiorx Evo fluorescence

images were acquired by IVIS. B. The schematic gilessf ex vivo

biodistribution imaging in DSS induced colitis mbdé57BL/6 mice were
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induced colitis using 3% DSS (36-50 kDa). C. Thepyr indicates
comparison of quantified average radiant efficierofyextracted organs
between saline, DIR, DIR-LC4%$ lipo, and DIiR-ST-bS lipo. ***: P <

0.001. ****: P < 0.
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Figure 3.5 Analysis using images of fluorescent H2S lipo and H&E
images (A) Three spleen tissues from mice intravenousjgdied with DiD
ST-H:S lipo. From top to bottom, fluorescent images, H&kages, and
resultant images from K-means clustering with H&BEages were
represented in order. (B) A spleen tissue from afreated mouse. A
fluorescent image of the same condition with a anH&E image were
represented. (C) Comparison of the amount of flemgrce intensity in each
spatial compartment demarcated by background (B€d, pulp (RP),
marginal zone (MZ), and WP (white pulp).
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3.3.3 Therapeutic effect of H2Slipo in the colitis model

The therapeutic effect of the»8 lipo and unloaded 43 donor was
compared in the DSS-induced colitis modé&ligire 3.1A). We daily
intravenously injected GYY4137 (60M), GYY4137 (100uM), ST-HS
lipo (60 uM), and ST-HS lipo (100uM) each. The weights change (%)
between day O and day 11 for the normal, salineY&M37 (60 uM),
GYY4137 (100uM), ST-H:S lipo (60 M), and ST-HS lipo (100 uM)
treated groups were 104.57 £ 4.3%, 71.84 + 5.88627+ 3.01%, 73.34
8.41%, 77.80 = 4.15%, and 82.52 + 10.28%, respagtiOnly the ST-HS
lipo (100 uM) treated group showed a statistically significkeds weight
reduction compared to the saline treated DSS solitodel (Repeated
Measure Analysis Of Variance, Tuckey post-hoc tBst 0.032) Figure
3.6). The degree of inflammatory process for each gneas observed with
H&E stained slides of the colon epithelium. In thaline treated DSS
induced colitis models, the epithelial structure swalmost entirely
destructed, and immune cells were massively iafd. In the GYY4137
(100 uM) treated models, although the mucosal structuvese slightly

more preserved compared to the saline treated modelosal ulcerations
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were found. Moreover, immune cells were infiltratedo level of the
muscularis mucosa. Interestingly, the S;5Hipo (100uM) treated models
showed a preserved mucosa structure with intackegaells, and only a
small number of immune cells were infiltratdelqure 3.8A). Inflammation
scores were measured with the H&E slides and cosdpletween the
groups. The GYY4137 treated models showed a sggmfly lower score
than that of the saline treated model (P < 0.0hg $T-HS lipo (100uM)
treated group showed a significantly lower scoemtthose of the saline and
GYY4137 (100uM) treated groups (P < 0.0001 and P < 0.05, resmhet
(Figure 3.8B). Furthermore, alcian blue staining of the colguitheslium
was performed to evaluate the mucin component dfitment. The
GYY4137 treated models tended to preserve mucsptoe extent, unlike
the saline treated models in which the mucin corepbwas barely detected
(P = 0.14). The ST-£8 lipo (100uM) treated group showed a significantly
higher alcian blue intensity than that of the salireated group (P < 0.5)
(Figure 3.8). In terms of colon length, only the SB$Hllipo group showed
significant less contraction of colon comparedhe saline group (ST4%
lipo (60 uM), P < 0.05; ST-ES lipo (100uM), P < 0.01). In terms of colon
weight and length which reflect the degree of imitaation of the colon, we

identified that the ST-E6 lipo (100uM) treated model had a significantly
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lower value compared to the saline, GYY4137 (6@), GYY4137 (100
uM), and ST-HS lipo (60uM) treated models (P < 0.001, P < 0.05, P < 0.01,
and P < 0.05, respectivelyfrigure 3.9). To explore the systemic immune
modulation effect, the rdg proportion was evaluated in bone marrow and
spleen samples after treatmeRigure 3.11). The ST-HS lipo (100uM)
treated group showed moregldifferentiation than that of the saline treated
group in the spleen (P < 0.05). Additionally, th&keS lipo (100 uM)
treated group showed moregldifferentiation of bone marrow compared to
the saline and GYY4137 (100M) treated groups (P < 0.05, P < 0.05,
respectively) Figure 3.11). To sum up, we identified that ST8 lipo
showed a higher therapeutic effect than that ofuthieaded HS donor in
the DSS induced colitis model. SBH lipo was able to induce ref

differentiation in the spleen and bone marrow.
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were used as regulatory T cell markers. CD80 an8(~dntibodies were
used as M1 macrophage markers. CD206 and F4/8fbdigs were used as

M2 macrophage markers.

116



Spleen Bone marrow

Normal Saline

>
1

¢ 10" 10 16"
0’ 10° 10’ 10" 10

wie 10' 10 10° 10° 10°

4 10

FOXP3+
Q.
<3
=< &}
N

FOXP3*

w0° 100 167 10° 10° 1
5 1F 10° 10 10
0 100 10° 16 10" 10°

w
o
1
(2N
o
1

N
o
|
N
o
1

*

Foxp3™ of
CD4™ T cells (%)
*

-
o
1

FOXP3* of
CD4" T cells (%)

'b\ 2 N N AY @ N\ \Y
s o 0§ 0§ é& o Q§ Q$
N NS N SRS
A Q '\\ 0\
\\b:{b K b(\'b N
L T L0
(©) é& Q) é\
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3.3.4 Comparison of therapeutic effect of colitis model between ST-H2S

lipoand LC-H2Slipo

We further explored the therapeutic effects of S&Hpo and LC-HS
lipo in the DSS induced colitis model. The weigbkange (%) at 10 days
for the normal, saline, ST4S lipo, and LC-HS lipo groups was 102.61 +
4.63, 75.62 + 3.34, 84.16 = 8.39, and 76.3 3+ 7ré6pectively Figure
3.1B, Figure 3.12). The ST-HS lipo treated group showed a significantly
less weight change compared to the saline treaipttat group (Repeated
Measure Analysis Of Variance and Tuckey post-hst; 2= 0.02). However,
the LC-HS lipo treated group showed no significant diffeeenn weight
change compared to the saline treated control gffup N.S.) Figure
3.12). In the H&E staining, both the ST:H lipo and LC-HS lipo treated
groups showed less immune cell infiltration andthegial destruction
compared to the saline treated control groeigyre 3.14). Moreover, ST-
H>S lipo had a lower inflammation score comparedhi® $aline and LC-
H>S lipo treated groups (P < 0.0001, P < 0.01; raspy) (Figure 3.14).

In the comparison of the colon length, only thet&¥ lipo treated group
showed significant differences compared to thensatreated group (P <

0.05). For the colon weight and length, the SEHpo treated group had a
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significantly lower colon weight and length comphte the saline treated
group (P < 0.05)Kigure 3.15). To assess the systemic immune modulation
effect, differentiation of &g M1, and M2 macrophages in the spleen was
evaluated using flow cytometry. Unlike LG8 lipo, ST-HS lipo
significantly induced more g differentiation than that of the saline group
(P < 0.05). The ST-t$ lipo treated group tended to have less M1l
differentiation (F4/80 CD80) compared to the saline treated group (P =
0.053). Additionally, the ST-t6 lipo treated group tended to have higher
M2 (F4/80° CD206) differentiation compared to the saline treatealigr(P

= 0.15) Figure 3.16). In spleen and mucosal tissuegg @iifferentiation was
assessed usinge§ immunofluorescence images. In the spleen, the £T-H
lipo treated group showed a brighter signal compaoethe saline treated
group (P < 0.05Figure 3.17). In the colon, both ST4$ lipo and LC-HS

lipo induced to a greater degree morgy Tifferentiation than that of the
saline group (P < 0.001 and P < 0.0001, respegjiyElgure 3.17). Lastly,
serum markers related to the inflammatory proces®wompared between
the groups (ST-kS lipo, LC-HS lipo, and saline treated DSS induced
colitis model groups and the normal group). Whitee@ctive protein (CRP),

a marker for systemic inflammation, was signifitarttigher in the saline

treated group compared to the normal group (P €01)) and only the ST-
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H>S lipo treated group showed a significantly lowdRRC concentration
compared to the saline treated group (P < 0.0%)icating its effect in
systemic immune modulation. The STSHipo treated group tended to have
a lower concentration of CRP compared to the LiS-kpo treated group (P

= 0.18). Moreover, IL-6, TNk, and pro-inflammatory cytokines were
significantly higher in the saline treated groups< 0.0001, P < 0.0001,
respectively), and their concentrations were sigaiitly lower in both the
ST-H:S lipo and LC-HS lipo treated groups compared to the saline teate
group (IL-6, P < 0.0001 and 0.0001; TN&-P < 0.001 and P < 0.0001,
respectively). The ST4$ lipo treated group tended to have a lower
concentration of IL-6 compared to the LGSHlipo treated group (P = 0.18).
Furthermore, IL-4, an anti-inflammatory cytokineasvsignificantly higher

in both the ST-ES lipo and LC-HS lipo treated groups compared to the
saline treated group (P < 0.01 and P < 0.05, réispdg (Figure 3.18).
Finally, we examined the histology of the majorarg after the treatment to
assess the potential in vivo toxicity of SPSHlipo. There was no overt
organ damage in the ST>8llipo or ST-HS lipo treated groug={gure 3.19).
Taken together, we found that 1) ST&Hipo has a superior protective effect
compared to unloaded GYY4137, and 2) SBHipo showed a higher

protective effect compared to LG8 lipo, potentially due to a higher
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systemic immunomodulatory effecdtigure 1.3).
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Figure 3.12 The comparison of weight change (%) between nqrsadine,

ST-H,:S lipo, and LC-HS lipo.
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Figure 3.13 The comparison of inflammatory process betweemmadgr

saline, LC-HS lipo, ST-HS lipo. The H&E images of colon of colitis
model. (D) The graph indicates comparison of infization score between
saline, ST-HS lipo, and LC-HS lipo (n = 8). ST: spleen targeting, LC:

long-circulating, **: P < 0.01, ***: P < 0.001.
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Extent Severity

Hyperplasia

Ulceration

Figure 3.14 Representative H&E images about general criterfa o
histomorphology scores for colitis model. genendteda are (1) severity,
(2) extent, (3) hyperplasia, and (4) ulceratior).9@verity is scoring degree
of leukocyte density of lamina propria region. €X}ent is scoring degree of
expansion of leukocyte infiltration. Histomorphojogcore is increased
when leukocytes gradually infiltrate from mucosarensmural. Definition
of (3) hyperplasia is increased epithelial cell tn@min crypts and crypts are
elongated. Definition of (4) ulceration is epitlaldefect reaching beyond
muscularis mucosa. Yellow arrow indicates the loésvilli and crypt’s
structures. Yellow curly bracket indicates hypesa Yellow star indicates
ulceration. According to four different criteri&T-HS lipo treated group

demonstrated the lowest score among the four grslupsn here.
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Figure 3.15 The comparison of colon lengths between norméhesal C-
H>S lipo, ST-HS lipo. A. The extracted images of colon in colit®del.
Representative images indicate normal, saline, &-kpo, and LC-HS
lipo from left respectively. B. The graph (leftdicates comparison of colon
length (n = 5, respectively). The graph (right)icades comparison of colon

weight/length (n = 5, respectively). *: P < 0.05.
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Figure 3.16 Comparison of in vivo immune cell differentiatibetween ST-

HS lipo and LC-HS lipo in spleen. A. Schematic design of the expent.



The colitis model was induced by 3% DSS. Mice ree@i3% DSS water
for day7. Reagents were intravenously injected yevaher day (N= 4
respectively). Mice were sacrificed to extract splat dayl1l. B. Dot plot of
flow cytometry. CD4 and FOXP3 antibodies were ugedegulatory T cell
markers. CD80 and F4/80 antibodies were used amttophage markers.
CD206 and F4/80 antibodies were used as M2 macgephaarkers. C.
Graphs showed that ST>8 lipo is significantly more &y differentiated

than saline group. ST43 lipo: spleen targeting4S lipo, LC-HS lipo: long

circulation HS lipo, ***: P< 0.001, *: P< 0.05
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Figure 3.17 Immunofluorescence images of FOXP3 differentiation

spleen and colon. A. Immunofluorescence images plees B.
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Immunofluorescence images in colon. Red fluoreseeny Cyanine5.5
indicates FOXP3 of /&g cells. C. The graph (left) indicates comparison of
fluorescence intensity in spleen (n = 5). The grdpght) indicates
comparison of fluorescence intensity in colon (B)=*: P < 0.05, ***. P <

0.001, ****: P < 0.0001.
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Figure 3.18 Plasma cytokine analysis in the treatment of corspa
between ST-bB lipo and LC-HS lipo. Plasma was collected from blood in

EDTA tube after treatment. In CRP analysis, SEHpo was significantly
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less detected than saline group. In IL-6 anal\8i&H:S lipo and LC-HS
lipo were significantly less detected than salingug. In IL-4 analysis, ST-
H>S lipo and LC-HS lipo were significantly less detected than satjreup.
In TNF-o analysis, ST-EB lipo and LC-HS lipo were significantly less
detected than saline group. STHlipo: spleen targetinga3 lipo, LC-HS
lipo: long circulating HS lipo, *: P < 0.05, **: P< 0.01, ***: P< 0.001,

% P<0.0001
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Normal Saline ST-H,S lipo LC-H,S lipo

Kidney Spleen Liver Heart

Muscle

Figure 3.19 H&E staining of extracted organs in the treatmaeit
comparison between ST28 lipo and LC-HS lipo. The organs which is
heart, liver, spleen, kidney, and muscle were eithat day10 of treatment.
The compared group are normal, saline, S$-Hpo and LC-HS lipo. ST-

H>S lipo: spleen targeting23 lipo, LC-H:S lipo: long circulation BS lipo
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3.3.5 Therapeutic potential of various spleen targeting nanoparticles

Many studies have reported on the therapeutic piatenf spleen
targeting by various approaches. In a treatmendyston experimental
autoimmune encephalomyelitis (EAE), antigens linkedyngeneic splenic
leukocytes with ethylene carbodiimide (Ag-SP) aculated in the MZ.
Consequently, they induceded differentiation (69). In a treatment study
using an inflammatory arthritis model, noninvasid&rasound stimulation
into the spleen showed a reduction of the diseasersy through the
cholinergic anti-inflammatory pathway (70). Espdlgianany studies have
reported on the therapeutic potential of spleeyetamg nanoparticlesréble
5). Zhai et al. developed induced pluripotent stemllsc (iPSCs)
encapsulated in coalescent an erythrocyte-liposGP8C@RBC-Mlipo).
As mentioned above, the spleen has the ability itter f damaged
erythrocytes. iIPSC@RBC-MIlipo used the characteristispleen targeting.
In terms of the spleen targeting efficiency, iPSCEQRMIipo was three
times higher compared to iPSC encapsulated indipes (iPSC@MIipo).
In the treatment of the B16F10 tumor model, iPSC@R@ipo showed a
significantly better antitumor effect and inhibii@f metastasis than that of

IPSC@Mlipo (29). Shimizu et al. developed an amtigdg) encapsulated
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PEGylated liposome (PL). As a spleen targetingtesgsa the phenomenon
when more PL is repeatedly administered, more @afcdumulates in the
splenic MZ, was used. In the treatment of the EGV/A@mor model, the
group with pre-injected empty PL prior to Ag enaalptsed PL injection
induced a more obvious cytotoxic T lymphocyte (CTinmune response
and suppressed tumor growth than the group withoesinjected empty PL
(42). Tripathi et al. developed 4-sulfated N-acegglactosamine which
could specifically target resident macrophages ha tiver and spleen
conjugated chitosan nanoparticles (SCNPs). In theatrhent of
leishmaniasis, amphotericin B (AmB) loaded SCNPsmBASCNPS)
delivered significantly more AmB to the spleen camgul to the AmB-
chitosan nanoparticles (AmB-CNPs) (P < 0.05). Moezp AmB-SCNPs
showed a significantly more anti-leishmanial a¢yithan that of the AmB-
CNPs (P < 0.05) (48). Ye et al. developed passisplgen targeted actarit,
anti-rheumatic drug, loaded solid lipid nanopa€ti¢(6LN). The actarit-SLN
was more accumulated in the spleen than that aftfeaded actarit (6.31%
to 16.29%) (39). Yi et al. studied nanostructurerphology suitable for
targeting DCs. Among the nanostructures which vwafe@assembled from
poly(ethylene glycol)-bl-poly(propylene sulfide) HEB-bl-PPS),

polymersomes (PS) structurally similar to liposonsé®wed the highest
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uptake in the splenic DCs of normal mice. Interegyi, in the spleen of
atherosclerotic LdIr-/- mice, PS uptake by macrg@sawas significantly
reduced (P < 0.005), while PS uptake by DCs waslypahanged compared
to normal mice. As result, PS was predominantlygolgited by splenic
DCs compared to macrophages in atherosclerotic/Latrice (P = 0.006)
(41). Kranz et al. developed RNA-lipoplex (RNA-LPXjth a net charge
suitable for DCs targeting. They found that RNA-LRMh about -30 mV
was more accumulated in the spleen compared tqdiséively charged
RNA-LPX. In the treatment of several tumor modelse selected RNA-
LPX formulation for delivering RNA to the spleendinced strong immune
responses and showed an antitumor efficacy dugsiermic DC targeting
(31). In the present study, we developed a simplees targeting strategy
by modulating the PEG type and ratio, in arguabl/ most frequently used
nanoparticles for drug delivery, a PEGylated lippeoWhen comparing the
spleen targeting efficiency (%), ST8l lipo showed the highest efficiency
among the other spleen targeting nanoparticles 32941, 48). We found
the ideal composition of PEG to obtain a reasondddeling efficiency,

stability and excellent spleen targeting abilitglfle 7)
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Type of disease
model

Tumor

Tumor

Leishmaniasis
Rheumatoid
arthritis

Atherosclerosis

Tumor

Nanoparticles

iPSC@RBC-
Mlipo

Ag encapsulated
PL

AmB loaded
SCNPs
Actarit loaded
SLNs

PS

RNA-LPX

Size (nm)

184

Not
mentioned

3337

24123

113.7

200-320

gee Stealth
potential olvmer
DSPE-
4.7
PEGooo
mel\rll?itone DSPE-
PEGooo
d
—-13.9+40.
24 N/A
-17.14+
16 N/A
-0.2+
0'%‘1'6 PEG-bl-PPS
Around
20 N/A
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Spleen targeting
strategy

Damaged erythrocyte
membrane entrapped b
spleen
Repeated pre-injection of
empty PL for delivering
Ag encapsulated PL to
splenic marginal zone B
cell
Targeting resident
macrophage
Passive targeting to RES
organs
Changing the
nanostructure
morphology
Negative charged lipid
nanocarrier

Spleen
targeting
efficiency”
(%)

160

N/A

50.9

120

16.7

N/A

Ref

(29)

(42)

(48)

(39)

(41)

(31)



Spleen

Typ?:;:ellsease Nanoparticles | Size(nm) | potential Sple;r:;zgyetmg ;?:33:23
(%)
IBD ST-H:S lipo 110.3+42. -28.1 DSPE- Ideal PEG size and ratic  179.9 This
4 PEGsooo for spleen targeting study

Table 7 Therapeutic potential of various spleen targetiagoparticles. *Spleen targeting efficiency (%asculated by the (spleen
uptake of the nanoparticle/ the liver uptake ofrihaoparticle) x 100. N/A: not applicable, iPS@stuced pluripotent stem cells,
IPSC@RBC-Mlipo: iPSCs encapsulated in coalescehm@cyte-liposome, PL: PEGylated liposome, iPSC@MIIPSC
encapsulated in liposome, DSPE: 1,2- Distearoydlgnero-3-phosphoethanolamine, PEG: polyethylegeayl AmB:

amphotericin B, SCNPs: 4-sulfated N-acetyl galaamuise conjugated chitosan nanopatrticles, SLN: diplid nanopatrticle, TEC:
overall targeting efficiency, PS: polymersome, PREPS: poly(ethylene glycol)-bl-poly(propyleneftig), RNA-LPX: RNA-

lipoplexes, DCs: dendritic cells, IBD: inflammatdrpwel dis
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3.3.6 Possibility of H2S lipo as a new clinical immunomodulator in I1BD

H>S lipo should be further studied in order to canfiits therapeutic
potential for IBD in clinical. Immunomodulators wusén IBD treatment
produce anti-inflammatory effects by targeting sfil@émmune processes

such as TNk, I1L-12/23, JAK, and sphigosine-1-phosphate (SHewever,

since the response rate varies from 16 to 70%, déeelopment of
immunomodulatory agents with a new mechanism abads needed (10).
Hydrogen sulfide (kS) is a lipophilic gas molecule that is rapidlypdissed
into the cytoplasm without a specific transported & involved in various
anti-inflammatory processes. >8 is involved in anti-inflammatory
mechanisms different from those of conventional tmomodulators used
in IBD, such as g differentiation by promoting TET1 and TET2

expression, M2 macrophage differentiation througbARy and PPAR

coacticator-#, and inhibition of the NRkB signaling pathway. In order for

H>S lipo, which emits anti-inflammatory hydrogen #idf to enter the
clinical trial of IBD, the safety and effectivenee$ H.S lipo should be
evaluated. First, safety data through various degel measurements are
needed. Mirandola et al reported that treatmenth ®itmM of BS donor

resulted in cytotoxicity (110). Although ST:8 lipo (60 uM and 10QM)
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had no cytotoxicity in the treatment of the colitreodel, additional dose
levels need to be evaluated. Second, in order méiroo the effectiveness,
the exact mechanism of the treatment effect ottitis model of HS lipo
should be identified, and the treatment effect &hde compared with
conventional immunomodulators used for IBD treatmekiso, a more
detailed study on the method of administration eeded. In the case of
systemically administered LC2s8 lipo, the possibility of oral
administration, which is much more convenient, $thdae evaluated as it
targets the inflammatory site and relieves sympto@arrently, clinical
trials of HbS-releasing agents are underway. SG1002 (sodiuythpmhate)
developed by Sulfagenix is designed to improve Heghliet (HFD) induced
metabolic and cardiac dysfunction and has complétedphase 1 clinical
trial (111). ATB-346 (HS-releasing derivative of naproxen) developed by
Antibe Therapeutics is designed to prevent gadesimal bleeding and
ulceration, side effects of the nonsteroidal amfiemmatory drugs
(NSAIDs), by inhibiting the NF-kB pathway. In Pha3elinical, ATB-346
relieved the pain of patients with osteoarthritigl &ffectively reduced the
side effects of NSAIDs (P< 0.001) (112). In conmus based on the
involvement of HS in various anti-inflammatory reactions, the tipenatic

effect of BS lipo in colitis model, and the clinical trial ather HS-
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releasing drugs, it is suggested thabSHIlipo may be a new
immunomodulatory agent for IBD, but various studi@e needed to move

forward it into clinical trials

140



3.4 Summary

In chapter 3, we identified the therapeutic potndf HS for colitis in
transcriptomics-level evidence and further the Bene therapeutic effects
of ST-HS lipo in colitis model. In the gene expressionlgsia of colon in
both UC and colitis model, it was identified thapeession of CBS, CTH,
and MPST involving ES production were significantly reduced. Then, we
evaluated the therapeutic effects ofSHipo in the colitis model. In the
result, ST-HS lipo showed superior results than unloade® ldonor in
several therapeutic indexes including weight changed inflammation
score. In addition, it was identified that S?SHlipo induced more rdy
differentiation in bone marrow and spleen as aac#ffe systemic immune
modulator. In the comparison of therapeutic effestiveen ST-kES lipo and
H>S donor loaded conventional long circulating lippso (LC-HS lipo),
ST-HS lipo demonstrated an even higher protective effagainst
inflammation in colon compared to LCz8 lipo, which may be attributed to
the higher efficiency of ST-+$ lipo improving systemic immune

homeostasis.
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Chapter 4.

Conclusion
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We developed spleen targetingdHdonor loaded liposomes (SBHlipo)
for delivering highly reactive +$ donor to specific organ (i.e., spleen). Our
ST-H:S lipo demonstrated an excellent loading capaditifi«£s donor and
stability. Additionally, ST-HS lipo induced a M2 phenotypic change in
macrophages after efficient cell uptake angSHelease in the in vitro
experiments. The excellent spleen targeting abdftyhe ST-HS lipo was
confirmed in both normal mice and colitis modelrdigh analysis of RNA
expression, the expression of3Hrelated enzymes were decreased in both
colitis patients and colitis model. In the treatmehthe DSS induced colitis
model, we found that ST43 lipo showed a significantly greater therapeutic
effect than that of the unloaded2$1 donor. Moreover, ST4$ lipo
demonstrated an even higher protective effect agamflammation in colon
compared to the #$ donor loaded conventional long-circulating lipmso
(LC-H2S lipo). ST-HS lipo treatment showed a higher systemic immune
modulative effect compared to the LGC&Hlipo treatment. These findings
demonstrate the potential of the spleen targetizf o in the treatment of
IBD.

The degree process was a meaningful period in whwhs able to lay
the groundwork as a researcher and think aboutvthe forward. A wide

variety of experiments were conducted to confirm immunomodulatory
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effect of BS lipo: synthesis of 6 lipo, cell works, flow cytometry,
confocal imaging, radiolabeling, PET imaging, IVi®aging, modeling,
and RNA seg-analysis using webtools. In in vitrgpemments, | cultured
cell lines, analyzed the physical and chemical erogs of cells through
flow cytometry and studied the interaction betweamoparticles and cell
through confocal imaging. In the future, | planaealuate the efficacy of
immunomodulators not only in macrophages, but aisearious cell lines
such as dendritic cells, T cells, and cancer cBilsing the degree process, |
performed several mice models including myocaritgrction reperfusion
model, arthritis model, Parkinson disease modeiceamodel, and colitis
model. Various skills including intravenous injectj obtained through this
allowed the experimental plan to be carried ouhaut a hitch. In the future,
| plan to study other diseases suitable for apginaof spleen targeting
nanoparticles. In particular, | would like to studipe bidirectional
interaction between post-stroke infection and dplemmune cells and
evaluate the immunomodulatory efficacy of spleenggng nanoparticles
in stroke models. In PET imaging research, | ledrtree radiolabeling of
nanoparticles and quantitative analysis skills.oligh experiments of colitis
model, several biological analyses at the celllleNgsue level, and mouse

level were performed and reasonable grounds ofpeertic effects were
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presented. In the future, | plan to study whethe® Hpo is effective in
preventing the recurrence of IBD, which is incuealaind has a frequent
recurrence. Furthermore, | plan to study the cati@h between IBD and
central nervous system disorders, which are attigacittention these days.
In synthesis of nanopatrticles, | performed variexigeriments to synthesize,
purify, and characterize liposomes. In the futureplan to improve
efficiency of spleen targeting liposomes througkda@pth exploration of
spleen targeting strategies. In addition, | willdst synthesizing various

nanoparticles as well as liposomes.
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