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Abstract

Drug delivery to intestinal antigen presenting cells (APCs) is a challenging task due to the
harsh and diverse environment in mammalian gastrointestinal (GI) tract, short retention time
in intestines, mucosal and endothelial barriers which prevent the drugs from accessing Peyer’s
patches where APCs resides. To deliver drugs to intestinal APCs, the drugs should be encapsu-
lated in carriers which are stable against environment in GI tract and possess APCs-targeting
capability. In this study, a targeted ligand drug delivery system to target intestinal APCs was
developed through coating of carriers with SlpB from Levilactobacillus brevis.

SlpB from Lwv. brevis was extracted with 5 M lithium chloride solution and coated on drug
carriers. The adsorption capacity of SlpB on all drug carriers evaluated in this study was 400
mg ¢! [SIpB LP!|. The adsorption curve was compared to the concentration of SlpB required
to achieve maximum stability of SlpB-coated liposome (SlpB-LP), and the liposome coated with
SlpB at maximum coating capacity showed maximum stability. Formation of 12.9 nm-thick layer
of SlpB on liposome was observed with microscopy, and analysis with electrophoretic mobility
showed that SlpB reduces ( potential of anionic liposomes. Improvement of colloid stability of
liposome via SlpB-coating due to increase in absolute { potential was confirmed with narrower
size distribution of SlpB-LP.

SlpB-coating enhance stability of liposome against pH ranging from pH 2 — 9. Robustness
of SlpB-adsorption on the surface of liposome under various pH was confirmed, and the result
suggests that SlpB-adsorption was stable. Furthermore, stability against 0.5 — 3.0% gall solution
which can emulsify liposome, and stability against simulated gastric fluid and simulated intestinal
fluid which contains pepsin and pancreatin were also improved by SlpB-coating. The result
suggests that SlpB has improved stability of liposomes under all gut-mimicking environments.

Furthermore, endocytosis of SlpB-coated carriers was evaluated with dendritic cell (DC)
and macrophage (M®). I have found that SlpB-coating has significantly enhanced endocytosis
of carriers into DC and M®. The effect of size of liposome on endocytosis was negligible.

Investigation of receptors which binds to SlpB suggests that SlpB binds to DC-SIGN and Mincle
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which are both C-type lectins, through glycan chain.

In vivo study suggests that SIpB could improve stability of liposome in GI tract by 5.4- and
6.1-fold at 1 h and 3 h after oral administration. SlpB has facilitated enrichment of LP in Peyer’s
patches and blood, while no unspecific absorption into intestine and low retention in liver was
detected. Enrichment of liposome in Peyer’s patches is correlated to bioavailability, and SlpB
has improved bioavailability by 427.6-fold. Unlike SlpA, no unspecific absorption of SlpB-LP
to intestine and mucosal layer was detected. The route of SlpB-LP delivery to intestinal APCs
was through transcytosis by M cells and specific endocytosis by CD23" APCs, which consist
of follicular DC and M®. Improved antigen presentation at interfollicular region and germinal
centre were also confirmed.

Moreover, SlpB also exhibit adjuvant effect which might improve therapeutic effect of drug.
Production of IL-6, I11-10, IL-12 and IL-17 increased significantly when DC was co-stimulated
with ovalbumin and SlpB or lipopolysaccharide and SlpB. Evaluation with &-galactosylceramide-
loaded liposome (*S“LP) showed increase in expression of anti-tumour cytokines both in wvitro
and in vivo. For instance, SlpB-*GCLP has increased production of IL-12 and decreased produc-
tion of IL-10, while upregulated expression of IL-6, IL-10, TNF-« in DC. On the other hand,
i situ expression of IL-4 and IL-5 were downregulated, while expression of IL-12, IFN-y and
TNF-« were upregulated in Peyer’s patches of mice administered with SlpB-*GCLP compared to
*GCLP. The results have suggested that oral delivery of SIpB-LP could enhance therapeutic effect
through improved stability of liposome, specific uptake of drug carriers by APCs, and induction
of adjuvant effect, which has stimulated injection-like effect.

To investigate the mechanism of SlpB-binding to APCs, presence of glycan chain in SlpB
was investigated. N-glycan structure was revealed in SlpB by treatment with N-glycosidase.
The function of sugar chain in DC-interaction was confirmed with competitive assay with D-
glucose, D-galactose and D-mannose. Fragments of trypsinised SlpB which are responsible for
DC-binding were identified, and the result suggests that 4 fragments with highest hydrophilicity
were responsible in DC-binding.

In conclusion, coating of SlpB from Lwv. brevis has improved stability of liposome, func-
tionalised to enhance transcytosis through M cells, enhanced endocytosis by APCs via specific

binding with the receptors and potentiated the therapeutic of drugs.

Keywords: Levilactobacillus brevis; surface layer protein; targeted-ligand drug delivery system; adjuvant effect;

C-type lectins; oral administration of drugs
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Chapter 1

Introduction

The function of drugs depend on its dosage!’l. Overdose or delivery of drugs to undesired
site result in adverse effect, which will cause mortality of patients in some case. Therefore,
drugs have to be administered at correct dose, at targeted location. Conventionally, to ensure
enough concentration of drugs are delivered to their target site, drugs were usually administered
overdose, which results in various adverse effect and suffering of patients.

Drug delivery systems (DDSs) were developed to address the above-mentioned problem in
drug delivery. First generation DDSs which have been developed since 1950s have exploited 4
major drug release mechanisms, i.e., diffusion, dissolution, osmosis, and ion-exchange to achieve
control release of drugs. To date, most orally administered drugs still depend on diffusion and
dissolution of drugs in gut.

However, first generation DDS did not answer the needs of drug targeting. When drugs
are administered orally, portion of drug molecules are absorbed by gastrointestinal (GI) tract
into portal vein and delivered to target site by blood vessels. This system possess 3 great
limitations: (1) first pass elimination by liver!?l which results in low bioavailability; (2) clearance
by macrophage[®l which reduces retention time in blood; (3) delivery of drugs to undesired site
which results in adverse effect.

Second generation DDS was developed to ensure delivery of drugs to target site in biological
system. This system, which is also known as targeted-ligand DDS (TLDDS) or smart DDS, is
an attractive approach in DDS. TLDDS achieve high targeting precision by incorporating ligand
recognised by specific cells into drugs vehicle (or cargo). Then, ligand-receptor interaction will
facilitate drugs accumulation at target site and achieve controlled release of drugs.

There are two ways to administer TLDDS-encapsulated drugs, i.e., (1) through injection or
dripping and (2) oral delivery. Generally, injection or dripping of drugs (1) is invasive, (2) carriers
of drugs are subject to clearance by immunocytes in blood stream, (3) results in strong adverse

effect, e.g., anaphylaxis due to coating of carriers with synthetic polymers!4, (4) inconvenient
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and time-consuming as patients are required to visit medical facility, and for dripping of drugs,
patients have to be immobilised throughout the process, (5) cost inefficient as professional medical
staffs are required for drugs administration, (6) which all of the stated disadvantages have resulted
in low patients preference and higher degree of suffering.

On the other hand, oral administration of drugs can address all the drawbacks of drug
administration through injection and dripping, allow access of drugs into the largest mammalian
immune organ, i.e., Peyer’s patches, and into both blood stream and lymph depending on the
hydrophilicity of drugs!®. Access to Peyer’s patches and lymph is particularly attracting features
of oral delivery of drugs, particularly for immunomodulating drugs. Delivery through lymph not

6.7 but also prevent drugs from enzymatic

only bypass first pass elimination of drugs by liver
degradation in GI tract wall. However, environment in GI tract is harsh and diverse (Figure
1.1). Oral delivery is subject to the challenges of various salts, pH and enzymatic reaction
throughout GI tract. Furthermore, mechanical stress induced by agitation and changes in pH
will results in instability of drugs. In stomach (pH 1 - 3), various enzymatic activities which could
degrade proteins and drugs take place, and the resident time in stomach is 0.5 - 4 h, depends
on the fasting condition of patients. When drugs arrive in small intestine, they will come into
environment which induce poor aqueous solubility, encounter intestinal mucosal barrier which
block the access of drugs, and the resident time range from 1 - 2 h, which is short for drugs
absorption!®l. Furthermore, bile can emulsify lipid, and lipase in pancreatic juice could digest
lipids, e.g., liposome. Sugar and polymers coating of carriers will also be digested by various
enzymes. Wide pH ranges and mechanical stress in GI tract is also a challenge to the choice of

ligand, as most ligands can only be stable in either acidic, neutral or alkaline environment, but

not across the range of pH 1 - 9.

1.1 Strategies Proposed for Oral Delivery of Drugs

Various approaches have been proposed for oral delivery of drugs, either by enhancing stability
of carriers or facilitating targeted delivery of carriers by surface functionalisation.

Peyer’s patches are immune organs located in mammals’ gut 1 (Figure 1.2 (a-b)). Epithelial
surface of Peyer’s patches forms a nature barrier against intestinal content in lumen, separating
luminal and subepithelial environments. Microfold (M) cells are developed among enterocytes

in the epithelial surface of Peyer’s patches. M cells are specialised transcytic cells responsible

*p. 7, 15,22, 24
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to transcytose bacteria and nanoparticles into Peyer’s patches!™>1! (Figure 1.2 (c - d)). The
transcytic property of M cells can be exploited for drug delivery to antigen presenting cells
(APCs) in Peyer’s patches. As M cells is capable to trancytose solid particles, various strategy
has been proposed to enhance stability of drugs carriers by encapsulating drugs compound in
solid nanoparticles or bacteria.

For instances, previous study has demonstrated intestinal DC-targeting by functionalising
M cells targeting-arginylglycylaspartic acid on DC-targeting RGD-modified chitosan nanopar-
ticles. The formulation has also protected heat shock proteins 65-6xP277 (H6P) encapsulated
in nanoparticles against intestinal environment. The result showed enhanced transportation of
chitosan nanoparticles into Peyer’s patches, targeted endocytosis by DC, and anti-diabetic effect
induced by H6P. However, the carriers were administered by loop ligated method, and the stabil-

ity of nanoparticles against diverse environment in GI tract remained uncertain 12,

Particularly,
stability of nanoparticle might be compromised in acidic environment of stomach.

Recently, a nanocomposite which target M cells by functionalising 3-aminopropyl-functionalised
magnesium phyllosilicate (aminoclay)-insulin complex with ulex europaeus agglutinin 1 (UEA-
1) has been developed ™3, The drug-clay complex was coated with Eudragit@® L-100, which
is a pH responsive polymer capable to dissolute at pH > 6.0. Eudragit@® L-100 protects the
nanocomposite from degradation in stomach; when the nanocomposites reach intestine, which
has pH > 6.0, Eudragit@®) L-100 dissolute, and UEA-1 binds specifically to villi and M cells to
enhance absorption of drugs. However, coating with pH responsive polymer has limited practi-
cal application. In real-life settings, nanoparticles have to pass through mouth and oesophagus
where the pH is > 6.0 before it has been delivered to stomach. Thus, the nanocomposites are
susceptible to degradation by gastric juice.

Furthermore, the uptake of solid microparticles (both nanoparticles and bacteria) are less
efficient than liposome due to difference in endocytic pathway. Despite of the higher tendency of
liposomes to be endocytosed by cells, they are relatively unstable in gut environment. To date, 27
formulations of liposomal drugs have been approved by the U.S. Food and Drug Administration
(FDA)M | with an addition of 2 vaccines for COVID-19 which sum up to 29 formulations.
However, none of these formulations is administered orally, suggesting the technical complexity
of oral delivery of liposomes in spite of the importance of this technology, particularly leakage of
drugs compound from liposomes, emulsification of liposome by bile acid, enzymatic hydrolysis

by lipase, degradation by mechanical stress, and instability due to pH changes.
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Figure 1.1 Graphical representation of challenges in gut.

Figure 1.2 Scanning electron micrographs of Peyer’s patches. (a) Peyer’'s patches are villiless surface

located in small intestine (indicated with white arrows). The scale bar is 700 um. (b) Epithelial surface of

Peyer’s patch. The scale bar is 100 um. (c) Distribution of M cells on the surface of Peyer’s patches. M

cells can be recognised from SEM with their dark, short brush border (indicated with white arrows). The

scale bar is 20 um. (d) Close-up micrograph of M cells. The scale bar is 6 um. Adapted with permission

from Ref 15.
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To achieve oral delivery of drugs to target intestinal APCs, it is important to
develop a TLDDS which could enhance stability of carriers against gut environment,

and to target intestinal APCs via ligand-receptors interaction.

1.2 Surface Layer Proteins

Intense studies on gut microbiota have discovered that their surface layer proteins (Slps) are
the component which involves in interaction with host cells (Figure 1.3), particularly through
binding to intestinal cells and extracellular matrices (ECMs) in gastrointestinal tract (Table 1.1),
and involves in immunomodulation'622 For instances, SIpA from Lactobacillus acidophilus (L.
acidophilus) could facilitate transcytosis of bacteria by M cells via SlpA-uromodulin interac-
tion[23, and enhanced phagocytosis by dendritic cells via SlpA-dendritic cell-specific intercel-
lular adhesion molecule-3-grabbing non-integrin (DC-SIGN) interaction(?4l. Other lactobacilli,
e.g., Levilactobacillus brevis (Lv. brevis), Ligilactobacillus salivarus (Lg. salivarus), Lentilacto-
bacillus kefiri (Lt. kefiri) also possess Slps which interact with intestinal cells and APCs. These
properties of Slps indicate that Slps are actively interacting with receptors of cells in human
immune system, and these proteins are promising candidate ligands for drug delivery system of
immunomodulators.

However, some Slps are unapplicable in drug delivery system, e.g., extraction of Slp from C.
difficile!?>) might lead to co-extraction of other pathogenic surface layer components. On the
other hand, most species in genera of lactobacilli are generally non-pathogenic!26l, which the sur-
face layer components can be safely used in food and drugs with least concern on pathogenicity.
Comparing the characteristics of Slps from lactobacilli and Slps from other genus (Table 1.2)
shows that Slps from lactobacilli generally exhibit high isoelectric point, which is resulted from
higher ratio of positive to negative charged amino acid residues. As Slps binds to negatively-
charged bacterial surface via non-covalent bonding, thus, Slps with higher isoelectric point gener-
ally possess higher binding affinity compared to Slps with lower isoelectric points. This property
of Slps from lactobacilli is more advantageous than Slps from other genera, as these Slps from
lactobacilli can maintain their binding to the surface of carriers in environment with higher pH,

e.g., in small intestine and colon.
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Table 1.1 Relationship between Slp and receptor

Strains Slp Receptor Targeted location Ref
Lactobacilli
L. acidophilus NCFM SIpA DC-SIGN Dendritic cell 24
L. acidophilus 1.-92 SIpA Uromodulin M cell 23
L. acidophilus 33199 SlpA Fibronectin Human intestinal epithelial cell line 27
L. acidophilus CIC 6074 Slp - Caco-2 cell 28
L. acidophilus ATCC 4356 Slp DC-SIGN Human dendritic cell 29
Collagen (I, IV) ECM 30,31
L. crispatus JCM 5810 CbsA Laminin ECM 22
Teichoic acid Bacteria 22
L. helveticus MIMLIh5 SlpA TLR2 Human macrophage cell U937 32
L. helveticus ATCC 12046 Slp DC-SIGN Human dendritic cell 29
Lv. brevis ATCC 8287 SIpA Fibronectin Human intestinal epithelial cell line 21
DC-SIGN Human dendritic cell 29
Lv. brevis ATCC 14869 Slp
Mincle Antigen presenting cell 33
Lg. agilis 43564 SlpA Fibronectin Human intestinal epithelial cell line 27
Lg. salivarius REN CbpA Enolase Human colorectal adenocarcinoma cell 34
Red blood cell 35
Lt. kefirt CIDCA8315 Slp -
Saccharomyces lipolytica 36
Lt. kefiri JCM 5818 Slp DC-SIGN Human dendritic cell 29
Lt. parakefiri CICDA8328 Slp - Red blood cell 35
Clostridium
C. difficile 630 Cwp2 - Caco-2 cell 37
C. difficile Slp TLR4 Bone marrow-derived dendritic cell 38
Aeromonas
Fibronectin 39
A. salmonicida A449 VapA ECM
Laminin 39
Bacillus
B. anthracis AP422 BslA Laminin ECM 40
Tannerella
T. forsythia ATCC 43047 G-Slp Mincle Macrophage 19
Sulfolobus
Sulfolobus Slp FlaF - 41

2 Abbreviation: L. acidophilus: Lactobacillus acidophilus; L. crispatus: Lactobacillus crispatus; L. helveticus:
Lactobacillus helveticus; Lv. brevis: Levilactobacillus brevis; Lg. agilis: Ligilactobacillus agilis; Lg. salivarus:
Ligilactobacillus salivarus; Lt. kefiri: Lentilactobacillus kefiri; Lt. parakefiri: Lentilactobacillus parakefiri; C.
difficile: Clostridium difficile; A. salmonicida: Aeoromonas salmonicida; B. anthracis: Bacillus anthracis; T.

forsynthia: Tannerella forsynthia; ECM: Extracellular matrix; TLR: Toll-like receptor



Chapter 1. Introduction
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Figure 1.3 Slps facilitate immune sampling of bacteria by APCs. Slps enhance transcytosis of bacteria
into Peyer’s patches by M cells, and phagocytosis by APCs. Then, the bacteria are lysed in endosome or
phagosome. The antigen contains in bacteria are presented to T cells, and immunomodulation occurs,
e.g., via cytokines production. Without Slps, access of pathogens to Peyer’s patches are limited.

Table 1.2 Comparison of lactobacilli Slps with Slps from bacteria of other genera.

Slp from lactobacilli Slp from other genus

e Represent 10 — 15% of all proteins expressed (abundant in expressing strain)
e Crystalline arrays are 2.5 — 35 nm thick
e 70% porousity
General characteristics e 31.9 — 38.7% hydrophobic amino acid
e Non-covalently bind to bacterial surface
e Single band in SDS-PAGE
e 40 - 60% [mol] hydrophobic amino acids

Isoelectric point High Low
Toxicity Non-pathogenic Might be poisonous
Size, kDa 25-71 40 - 200
Hydroxylated amino acid 23 - 33% 15%

Lysine content 10% (basic) < 10% (acidic)
Positive/negative charged residue High Low
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Sequencing analysis has revealed that there are only approximately 5% lactobacilli possess
Slps. Phylogenetic analysis based on amino acid sequence (Figure 1.4) categorise these Slps from
lactobacilli into 2 categories, which I define them as Group A Slps, which consists of Slps from L.
acidophilus group, and Group B Slps which consists of Slps from Lwv. brevis group. Hereinafter,
I define Group A Slps as SlpAs and Group B Slps as SlpBs, unless otherwise mentioned for
some exceptions, e.g., SIpA from Lwv. brevis or SlpB from L. acidophilus, etc. SlpAs and SlpBs
differed from their position of functional domains. Generally, Slps exhibit mostly 2 separated
morphological regions, (1) cell wall binding domain and (2) self-assembly domain. Cell wall
binding domain is conserved across species, and this domain exhibit high isoelectric point and
is hydrophilic; in contrast, non-conserved self-assembly domain is hydrophobic, and exhibit low
isoelectric point. The self-assembly domain with low isoelectric point is located in N-terminal for
SlpAs, while it is located in C-terminal of SlpBs. Interestingly, although it has been demonstrated
that C-terminal of SlpAs bind to cell wall, while N-terminal binds to extracellular matrices,
e.g., fibronectin and collagen [42], N-terminal of Group B Slps bind to both cell wall and host
proteins, i.e., receptors and extracellular matrices/2143l. Furthermore, unlike SlpAs which bind
to lipoteichoic acid as anchor!*?l, SlpBs bind to cell surface via hydrogen bonding!*¥. These
fascinating properties of SlpBs render them an attractive ligand for drug delivery, particularly
to be coated on various surface without peptidoglycan or lipoteichoic acid as anchor.

Moreover, Slps are self-assembling crystalline array proteinaceous subunits which form the
outermost layer of bacteria and archaeal®®. These proteinaceous subunits of Slps generally
self-assemble into 2-dimensional crystalline arrays, which form oblique (pl, p2), square (p4) or
hexagonal (p3, p6) space group symmetry [16] " Crystalline array formed on the surface of bacteria
are generally tightly packed, and has pore size ranging from 10 - 100 A, which could limit and
even prevent penetration of large molecule. Furthermore, Slps could resist enzymatic hydrolysis

[43.47], Study has also demonstrated that Slps could protect bacteria

at their crystalline domain
from changes in temperature and ion concentration!*8l. By exploiting these protective properties
of Slps, we could protect liposome from enzymatic hydrolysis, and constant changes in pH and

salinity in GI tract.

1.2.1 Slp-Coating on Liposome

Slps can reassembled spontaneously on air-water and oil-water interfaces, on solid surfaces,

in suspension, and driven by entropy 4!, which make the process of functionalisation simple. By
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co-incubating liposome with Slps, Slps can be self-adsorbed on the surface of liposome through
charge interaction, condensed and self-catalysed to form crystalline array (49,

Various groups have studied the recrystallisation and application of Slps to improve stability
of drugs carriers, particularly liposome [50-57] " Mader et al. have demonstrated stabilisation of
liposomes coated with Slp from Geobacillus stearothermophilus against shear forces, ultrasonica-
tion and temperature shift from 25°C to 55°C[5!. For liposomes coated with Slp from Lv. brevis
and treated with glutaraldehyde, 74.5% carboxyfluorescein (CF) remained enclosed in liposome
after 60 min, while 65.9% CF remained enclosed after 120 min in pH 2.5, compared to 44.6%
and 28.7% respectively from liposome without Slp-coating. Furthermore, more than 90% CF
remained enclosed in liposome coated with Lv. brevis after 60 min; more than 80% remained
enclosed after 120 min at 37°C at pH 7, with or without gluteraldehyde treatment (%!, Increase
in pH and thermal stability were also observed for liposome coated with Slp from Lt. kefiri[55].
Study has also shown that SlpA from L. acidophilus could enhance thermal stability, storage sta-
bility and serum stability of liposome 57, Regardless glycosylation, coating of Slps of lactobacilli
could improve stability of liposomes against both physical and chemical stress.

However, problems remained with Slp-coated liposomes. Slp-coating could decrease surface
charge of liposome to negatively-charged [5*57:58]  Alteration of surface charge of liposome by Slp

(539,60 " Furthermore, some Slps could interact

might interfere endocytosis of liposomes by cells
with extracellular matrix, which results in drug released at epithelial or mucosal layer before
encountering intestinal APCs; e.g., drug delivery with liposomes coated either with SlpAs from
L. acidophilus'®V or L. helveticus!5892 have suggested that liposomes were delivered to epithelial
cells or mucosal layer of gut. While this approach is useful for delivery of peptides and vaccine
which do not required cell-targeting, it might result in unexpected adverse effect on other types
of immunomodulators.

The bursting of liposome before reaching intestinal APCs might be due to the interaction
of self-assemble domain of SlpAs with extracellular matrices®93] as shown in Table 1.1 and
discussed in this section. Binding of Slps to extracellular matrices, e.g., mucosal layer or gut

epithelial cells resulted in uptake of liposomes into these cells, thus retention of liposome and

drug release before reaching intestinal APCs.
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Figure 1.4 Evolutionary analysis of Slp based on amino acids sequence by maximum likelihood method.
The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based
model®4. The bootstrap consensus tree inferred from 500 replicates is taken. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test 500 replicates are

shown next to the branches.
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1.3 Objective

The objective of this study is to investigate the potential of Slp-coated carriers
as TLDDS to target intestinal APCs.

The objective of this study can be further divided into 3 goals:
1. Improvement of the stability of liposome in GI tract

2. Induction of intestinal APCs-targeting effect

3. Improvement of therapeutic effect of immunomodulating drugs

Both stability of liposome and cell targeting capability are important aspects in intestinal
APCs-targeting, while adjuvant effect is important to improve therapeutic effect of drugs. SlpB
from Lv. brevis JCM 1059 has been shown to exhibit these properties, and it is potential ligand
to improve stability of liposome, induce APCs targeting effect in gut, and to enhance therapeutic
effect of immunomodulatory drugs at the same time. In this study, I aim to improve the stability
of liposome in gut mimicking environment by exploiting the property of SIpB to self-assemble
into protective crystalline array on various interfaces, particularly, water-oil interface. Then, I
will investigate the potential of SlpB as ligand for receptors on intestinal APCs and M cells in
Peyer’s patches. Adjuvant effect induced by SlpB will be evaluated, and the improvement of

therapeutic effect through SlpB-coating will be investigated with drug-loaded liposome.

1.4 Research Strategy

To overcome challenges remained in prior studies, I have selected SlpB from Lv. brevis JCM
1059 as ligand. Sequence alignment and analysis (which will be shown in Chapter 3) suggests
that its binding domain is in the opposite terminal to self-assemble domain, thus could prevent
unspecific binding to extracellular matrices and to epithelial cells. Reduction of unspecific binding
raises the opportunity of delivery of carrier into Peyer’s patches where intestinal APCs reside.
Furthermore, prior studies have already shown that SlpB binds to Mincle of macrophage (M®),
and potentially binds to DC-SIGN on DC, which makes it a good ligand to target APCs. My

research strategy is summarised in Figure 1.5.

11
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Figure 1.5 Graphical representation of research strategy.

1.5 Structure of Dissertation

This dissertation is structured as follows:

Chapter 2 discusses the method to prepare SlpB-coated carriers with focus on liposomes,
and the characterisation of SlpB-coated carriers. Furthermore, I will also discuss stability of
SlpB-coated liposome in various gut mimicking environment in wvitro.

Chapter 3 discusses the interaction of SlpB with DC-SIGN and investigates whether SlpB-
coating will improve endocytosis of carriers by APCs. Moreover, the possibility of improvement
therapeutic effect of drugs due to enhanced endocytosis will also be explored.

Chapter 4 investigates oral delivery of SlpB-coated liposome to intestinal APCs, and thera-
peutic effect of drug-loaded liposomes improved by the advantages provided by SlpB-coating.

Chapter 5 explores the mechanism of interaction of SlpB with DC.

List of materials, apparatus and primers used in this study, supplementary figures of micro-
graphs used in statistical analysis, physical properties of materials, e.g., { potential, supplemen-
tary curves, and data related to phenotypes of cells, growth of bacteria, protocols for proteins

extraction are listed in Appendices.

12
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Chapter 2
Preparation and Characterisation of Surface Layer Protein-

Coated Liposomes

While bacterial surfaces are generally negatively-charged, prior studies have focused on Slp-
coating on cationic liposomes which have opposite surface charge compared to bacterial surfaces.
These studies have investigated the physiochemical properties of SlpBs-coated cationic liposomes,

5565, How-

and demonstrated that Slps-coating could enhanced stability of cationic liposomes
ever, coating of Slps on the surface of anionic liposomes were not reported. It is possible that
coating of Slps on anionic liposomes can preserve their native orientation and probably the space
group symmetry of crystalline array due to charge similarity to bacterial surface. Furthermore,
higher concentration of Slps might be able to be coated on anionic liposome as Slps from lac-
tobacilli are generally positively charged due to their high isoelectric point. Anionic surface of
liposome provides higher density of charge to attract Slps, and for Slps to coat on the surface.

Stability is the most critical shortcoming of liposome as drug delivery system, particularly as
drug carrier for oral administration, due to the complex and harsh environment in gut. There-
fore, it is important to enhance stability of liposome against various pH, bile acid, enzymatic
degradation, salinity and mechanical stress to enable proper function of liposome as drug carriers
for oral delivery.

Various studies have reported that Slp-coating enhances stability of liposome in various pH,
bile acid, pancreatic juice, serum, and against physical and mechanical stress!®1:5%571 These
benefits of Slp-coating improve stability of carriers, particularly liposome in gut environment
and in sera, thus increase the chance of drugs delivery to their target site, while preventing
unspecific delivery and degradation of drugs due to degradation of carriers. Higher density of
SlpB-coating and correctly formed crystalline array might increase the stability of liposome,
particularly against enzymatic degradation.

In addition, cationic liposomes are poisonous to cells, with the highest toxicity to phagocytic

13
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66,671 Therefore, anionic liposome might be a more suitable drug carrier for drug delivery

cells
to APCs.

In this chapter, I will investigate the possibility to coat SlpB on anionic surface and charac-
terise SlpB-coated carriers. SlpB will be extracted from Lv. brevis JCM 1059 and coated on drug
carriers. Coating of SlpB will be confirmed with microscopy and adsorption curve measured by

¢ potential and fluorescence intensity. Then, I will investigate the potential of SlpB in improving

stability of anionic liposomes in simulated GI environment in vitro.

2.1 Methods

2.1.1 Preparation of Surface Layer Protein B

To prepare seed culture of Lv. brevis, 1 nl cyro-preserved Lv. brevis JCM 1059 was inoculated
in 10 ml Man, Rogosa & Sharpe (MRS) broth in a sterile screw-capped test tube. The test tube
was tightly capped, sealed with Parafilm®, and incubated statically at 30.0°C for 48 h.

Then, the culture was inoculated in fresh MRS broth in medium bottle at 1000-! dilution
factor, tightly capped, sealed with Paraﬁlm®, and incubated statically in 30.0°C incubator for
another 48 h. For each lot of Lv. brevis JCM 1059, 4 ml of culture was collected, and equally
distributed into 4 microcentrifuge tubes. A tube of culture was used to determine turbidity by
measuring optical density at 600 nm, while 3 tubes of culture were used to determine the dry
cell mass of Lv. brevis JCM 1059 contained in 1 ml culture.

Lv. brevis JCM 1059 was pelleted at 5,600 x g, 4°C for 15 min. The pellet was washed with
phosphate-buffered saline (PBS; -). Then, the pellet was suspended with 1 M lithium chloride
(LiCl) solution at 10°! volume of original culture and agitate with mini-rotator at 2 rad s for
30 min, twice, to remove surface layer associated protein. SlpB was extracted with 5 M LiCl
solution at 10! volume of original culture and agitated with mini-rotator at 2 rad s for 30 min.
The concentration of LiCl solution used in this dissertation is justified in Appendix B.

Protein extracted from Lv. brevis JCM 1059 was filtered through 0.22 pm polyvinylidene
fluoride (PVDF) membrane and dialysed against 300-volume of deionised water for 20 h at
4°C. Then, 20 ul of each fraction was analysed with sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE; 10%) and stained with silver. The concentration of SlpB was
measured with both absorbance at 280 nm and Bradford assay with bovine serum albumin (BSA)

as standard. The method for protein quantification was compared and justified in Appendix C.
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2.1.2 Fluorescent Labelling of SIpB

For fluorescence imaging of SlpB on carriers, SIpB was labelled with tetramethylrhodamine
(Cy3), 6-[|2-[5-[1-[6-(succinimidyloxy)-6-oxohexyl|-3,3-dimethyl-5-sulphonato -1H- indole-2(3H)-
ylidene| -1,3- pentadienyl|-3,3-dimethyl-5-sulphonato-3H-indole-1-ium|-1-yl| hexanoic acid suc-
cinimidyl (Cy5) or fluorescein isothiocyanate (FITC).

SlpB in 0.1 M carbonate-bicarbonate buffer (pH 9.2) was supplemented to Cy3, Cy5 or FITC
dissolved in dimethyl sulphoxide (DMSO). The mixture was agitated in dark for 120 min, followed
by dialysis against 300-volume of deionised water for 20 h at 4°C to remove free-dye molecule,
DMSO and salts.

Concentration of labelled SlpB was quantified with NanoDrop spectrophotometer, and ad-
justed either by concentration with 10 K centrifugal filter unit or dilution with deionised water.
SIpB labelled with FITC, Cy3 and Cy5 are known as FITCSIpB, ©¥3SIpB and ©Y°SIpB respec-

tively.

2.1.3 ( Potential and Particle Size of SipB-Coated Liposome

To detect the adsorption of SlpB on liposomes and to identify the maximum adsorption ca-
pacity of liposome, adsorption curve of SlpB on liposome was prepared. Monodisperse lyophilised
anionic liposome (LP; Coatsome EL-01-A; ratio of L,x-dipalmitoyl-phosphatidylcholine (DPPC):
cholesterol: L,o-dipalmitoylphosphatidylglycerol (DPPG) = 3: 4: 3; polydispersity index by dy-
namic light scattering = 0.09) was rehydrated with deionised water at 50 mg ml!, and diluted
to 1 mg ml!; polydisperse anionic liposome (pLP; Presome PPG-1; ratio of DPPC: cholesterol:
DPPG = 1: 1: 0.2; polydispersity index by dynamic light scattering = 1.23) was rehydrated
with deionised water at concentration of 1 mg ml! and heat at 60°C for 30 min to dissolve the
liposome. pLP was used to evaluate the effect of size and polydispersity of liposome on SlpB-
coating, stability of liposome and endocytosis of liposome. Then, 10 pg liposome at 20°C was
supplemented to various concentration of SlpB, agitated for 120 min at 20°C, and centrifuged at
16,000 x g to remove excess SlpB.

To measure the electrophoretic mobility of liposome, 150 pl suspension was injected into
carbon electrode cuvette, and electrophoretic mobility of liposomes were measured with nano
particle analyser by electric field of 4 V at 25°C.

Changes in ( potential of liposomes can be detected by electrophoretic mobility of liposomes

when an electric field is charged across the suspension. The relationship between electric mobility
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of liposomes and ( potential is defined as:

__Un
~ ef(kr)

¢ (2.1)

where ( is ¢ potential, U is electrophoretic mobility, n is the viscosity of solvent, € is dielectric
constant of solvent, f(xr) is Henry’s function.

Here, electrophoretic mobility is defined as

U — Vg

=% 2.2
2En5in(g) (2:2)

where A is the wavelength of laser, vy is the frequency of scattered light, E is electric field, n is
refractive index of solvent, and 6 is the angle of frequency shift of scattered light. Smoluchowski
equation was used as Henry’s function in Equation 2.1, and an adsorption curve of SlpB on each

type of liposome was plotted.

2.1.4 Fluorescent Imaging of SIpB-LP

Adsorption of SlpB on the surface of liposome is confirmed with fluorescent imaging of SlpB-
LP. LP was rehydrated in FITC solution at final concentration of 100 pM mg™! [FITC LP-]. The
mixture was agitated at 20°C for 60 min to facilitate encapsulation of FITC; for pLP, lyophilised
pLP was rehydrated in FITC solution at final concentration of 100 ptM mg™! [FITC pLP!] and
agitated at 60°C, which is above phase transition temperature for lipid, for 60 min to facilitate
encapsulation of FITC. Excess FITC was removed either by centrifugation at 16,000 x g for 30
min, or by ultrafiltration with 10 K centrifugal filter unit.

Then, liposomal FITC (FITCLP) and polydisperse liposomal FITC (FI'TCpLP) was co-incubated
with ©¥3SIpB at concentration of 400 mg g™' [SIpB LP!| and agitated at 20°C for 120 min. Ex-
cess OY3SIpB was removed by centrifugation at 16,000 xg¢ for 30 min. ©Y3SIpB-FITCLP and
Cy381pB-FITCHLP prepared was observed with laser scanning microscope.

To confirm spatial relationship of LP and SlpB, giant ©Y°SlpB-coated liposomal FITC-
conjugated ovalbumin (Cy 5SlpB—FITC'OVALP) was prepared and observed. Cy5 was used instead
of Cy3 to reduce the noise from buffer and crosstalk from FITC; while FTTCOVA was used instead
of FITC to confirm the potential of macromolecule encapsulation in liposome. FITC-OVALP was
prepared by encapsulating 20 pg mg! [FITCOVA LP-!] with methods previously described. Then,

CY581pB was coated on the surface of liposome, and observed with fluorescence microscope.
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2.1.5 Transmission Electron Microscopy of SlpB-LP

The morphology of LP and SlpB-LP were also observed with a transmission electron micro-
scope (TEM) operated at 200 kV. Samples were diluted with deionised water and 10 pl of diluted
samples were deposited on electron microscopy grid. Excess sample was blotted with a piece of

filter paper and the sample was stained with 1% phosphotungstic acid negative stain.

2.1.6 Coating of SIpB on Various Drug Carriers

To investigate the potential to evaluate SlpB-adsorption on carriers and to confirm the result
obtained from { potential measurement, various concentration of ©Y°SIpB was co-incubated with
10 pg LP to prepare ©¥5SIpB-LP as described in Section 2.1.3. Then, the fluorescent intensity
was measured, and an adsorption curve was plotted.

To study adsorption property of SIpB on the surface of both microbeads and Lactiplantibacil-
lus plantarum (Lp. plantarum), various concentration of Cy3SIpB was co-incubated with 10 pg
dry mass of acrylate hydrophilic microbeads or 5 M LiCl solution-treated Lp. plantarum JCM
1149 for 120 min with agitation at 20°C and washed twice with PBS (-) with centrifugation
at 5,600 xg to remove excess SlpB. The fluorescent intensity was measured, and an adsorption
curve for each sample was plotted.

To confirm coating of SlpB on the surface of microbeads and Lp. plantarum, fluorophores
were conjugated on both carriers and SlpB. Microbead used in this study was amino groups-
conjugated, therefore, it can be labelled with Cy3 dye as described in Section 2.1.2. Briefly,
microbeads suspended in 0.1 M carbonate-bicarbonate buffer (pH 9.2) was supplemented to
Cy3. The mixture was agitated in dark for 120 min, followed by centrifugation at 5,600 x g for
10 min and washed with PBS(-) thrice.

Lp. plantarum JCM 1149 was cultured to stationary phase, collected by centrifugation at
5,600 xg¢ for 15 min, and resuspended in PBS (-; pH 8.3). Then, 2 uM carboxyfluorescein
diacetate (CFDA) was supplemented to the suspension and incubated in 30°C for 120 min.
Excess CFDA was removed by centrifugation and washing the pellet of Lp. plantarum with PBS
(-) thrice. Carboxyfluorescein-stained Lp. plantarum (“FLp. plantarum) was washed with 1
M LiCl solution twice, and 5 M LiCl solution twice to remove Slp-like proteins bound on the
surface.

Then, FITCSIpB was coated on microbeads; ©Y3SIpB was coated on Lp. plantarum at final

concentration of 400 mg g™! [SIpB carriers™ (dry mass)| as described previously. After washing
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with PBS (-), the products were observed with fluorescent microscope.

2.1.7 Optimal Concentration of SipB for Maximum Stability

SlpB-FITCLP coated with various concentration of SlpB was prepared and the liposomes were
incubated in deionised water for 60 min at 37°C. After incubation, the liposomes were centrifuged
at 16,000 xg for 30 min to remove leaked FITC and the pellet was resuspended in deionised
water. Control was prepared by centrifuging SlpB-FITCLP before incubation at 16,000 x g for
30 min, and resuspended the pellet in deionised water to reduce the influence of leakage due to
centrifugation.

Fluorescence intensity was measured, and the relative stability of liposome, Sycjative Was
defined as the fraction of FITC remain encapsulated in liposome (Equation 2.3).

I

Srelative = TO x 100 (23)

where Iy is fluorescence intensity after washing of liposome and before incubation, and I is
fluorescence intensity of sample after incubation and washing.
The relative stability of SlpB-LP was plotted against concentration of SlpB to identify the

optimal concentration of SlpB required to achieve maximum stability.

2.1.8 Stability of SIpB-Coated Liposomes in Gut Mimicking Environment

The stability of SlpB-LP under various pH correspond to gut environment was evaluated.
Hydrochloric acid (pH 2) which correspond to the acidity of stomach was prepared by titration;
deionised water was used to mimic the pH of intestine; phthalate buffer (pH 4) was used as buffer
correspond to the pH at the lower end of stomach; tetraborate buffer solution (pH 9) was used
to mimic pH in colon.

FITCTp, FITCHLP, SlpB-FITCLP, SIpB-FITCpLP were prepared and the stability of liposomes
in each type of buffers was evaluated as described in Section 2.1.7. After incubation at 37°C for 60
min, the liposomes were centrifuged at 16,000 x g for 30 min, the pellets were suspended in fresh
buffers and 0.1 M sodium hydroxide solution was supplemented to each suspension to prevent
protonation of FITC in acidic environment. Then, the fluorescence intensity was measured and
the relative stability of liposome was evaluated.

The robustness of SlpB-coating on the surface of liposome was evaluated by SDS-PAGE.

SlpB-pLP was prepared and incubated in buffers of various pH for 60 min at 37°C. Then, the
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SlpB-pLP was centrifuged at 16,000 xg¢ for 30 min, the supernatants were collected, and the
pellets were suspended in equal volume of deionised water. pLP and SlpB-pLP incubated in
deionised water for 2 min was used as reference. Both supernatants and pellets were analysed
with SDS-PAGE stained with silver.

The stability of liposome in gut-mimicking environment was further evaluated with stability
of liposome in gall solution, simulated gastric fluid (SGF) and simulated intestinal fluid (SIF).
Various concentration of gall solution (pH 6) was prepared by dissolving gall powder in deionised
water; SGF and SIF was prepared as the formulation of U.S. Pharmacopoeia. Then, the stability

of LP and SlpB-LP 60 min after incubation in these gut mimicking environments were evaluated.

2.2 Results

2.2.1 Preparation of Surface Layer Protein B

After removing impurities, which are surface layer associated proteins located on the surface
of Lv. brevis JCM 1059 (Figure 2.1 (a - b)), a single band with apparent molecular mass of
52 kDa was obtained from fraction extracted with 5 M LiCl solution (Figure 2.1 (c - d)). This
purified protein was identified as SlpB, which is the only Slp expressed on Lv. brevis JCM
1059 cultured under anaerobic condition[®8l. The identity of the band was further confirmed
with proteome analysis based on matrix-assisted laser desorption/ionisation time of flight mass
spectrometry /mass spectrometry as SlpB from Lv. brevis JCM 1059.

Based on data obtained, the yield of SlpB was calculated. The yield of SlpB was 6.74 mg gt
dry cell mass (0.67%).

The result of fluorescent labelling of SlpB was shown in Appendix D.

2.2.2 ( Potential and Particle Size of SlpB-Coated Liposome

Adsorption of compounds on liposome can be detected and quantified by the changes in
potential of liposomes!%9, due to the changes in electrical potential in slipping plane of particles

induced by the changes in surface potential.
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Figure 2.1 SDS-PAGE of extracts from the surface of Lv. brevis JCM 1059 with 1 M and 5 M LiCl
solution, stained with silver. (a) first fraction of extraction with 1 M LiCl solution, (b) second fraction of
extraction with 1 M LiCl solution, (c) first fraction of extraction with 5 M LiCl solution, (d) second fraction
of extraction with 5 M LiCl solution. M indicates protein molecular weight marker.
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Adsorption of SlpB on liposome surface was confirmed with reduction in ¢ potential of li-
posome (Figure 2.2). ( potential of bare LP was -45.0 mV, which approximates measurement

[70], This suggests that the materials parameters were correctly defined.

reported in prior study
Minimum ¢ potential at -77.6 mV was achieved when LP was co-incubated with 400 mg SlpB
gl LP, which indicates the maximum adsorption capacity of SIpB on liposome was 400 mg g™
[SIpB LP!] (Figure 2.2 (a)). On the other hand, the { potential of bare pLP was -19.4mV, and
decreased to a minimum of -108.3 mV when coated with 400 mg g* [SIpB LP!] (Figure 2.2 (b)).

Furthermore, the size of LP and SlpB-LP were confirmed with dynamic light scattering
method using nano particle analyser (Figure 2.3). Increase in mean particle size by 30.5 nm was

observed when LP was coated with 400 mg g™! [SIpB LP-!], suggesting that a single layer of SIpB

crystalline array has been formed on the surface of LP*.

2.2.3 Fluorescent Imaging of SIpB-LP

For both LP and pLP, co-localisation of signal from FITC and “¥3SIpB was observed (Figure
2.4). Furthermore, rim of SlpB was discovered around LP in merge channel of fluorescence
micrographs, which suggested that SlpB was adsorbed on the surface of liposome. However, it
was uncertain if SlpB was encapsulated in both LP and pLP.

To answer the question whether SlpB was encapsulated in LP, giant liposome of SlpB-LP was
observed. Micrographs of ©Y5SIpB-FITC-OVALP ghow that the signal from FITCOVA was enclosed
in ©5SIpB-LP (Figure 2.5), suggesting that SlpB was adsorbed on the surface of LP rather than

being encapsulated.

2.2.4 Transmission Electron Microscopy of SlpB-LP

To verify the formation of SlpB layer on surface of liposome and investigate whether morpho-
logical changes have occurred when SlpB was coated on liposome, LP and SlpB-LP were observed
with TEM. No morphological change of liposome was observed from electron micrographs (Figure

2.6).

* Particle size is defined as diameter of nanoparticle. Therefore, 30.5 nm increase in particle size indicates 15.25
nm increase in thickness.
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Figure 2.2 { potential of liposome measured with liposome adsorbed with various concentration of SIpB.
(a) LP, (b) pLP. The plots represent data obtained from triplicate sample in independent test and the error

bars represent standard deviation of mean.
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Figure 2.3 Volume probability of liposomes measured with dynamic light scattering. The numbers indi-
cate mean and standard deviation of particle size.
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Figure 2.4 Fluorescence micrographs of ©¥3SIpB-FITCLP for both LP and pLP. The scale bars for LP were
100 nm; the scale bars for pLP were 5 um.
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Figure 2.5 Fluorescent micrograph of single ©¥®SIpB-FITC-OVALP at (a) FITC channel, (b) Cy5 channel,
(c) merge channel. The scale bars are 1 pm.

Figure 2.6 Morphology of SlpB-coated liposome. Transmission electron micrographs of (a) LP and (b)
SlIpB-LP. Red arrows show the location of liposomes. The scale bars represent 100 nm.
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On the other hand, a 12.9 nm-thick layer was observed on the outer surface of SlpB-LP
(Figure 2.6 (b)). The thickness is in agree with the thickness of SlpB single layer formed on the
surface of Lv. brevis JCM 1059168 suggested that a single layer of SIpB crystalline array has been
formed on the surface of liposome. SlpB single layer has contributed to 21.8% diameter of SlpB-
LP. Both the thickness of SIpB and the ratio of SlpB to SlpB-LP approximate the measurement
obtained from dynamic scattering method (Figure 2.3). Both results from TEM and dynamic

light scattering suggest that SlpB forms a single layer on the surface of liposome.

2.2.5 Coating of SIpB on Various Drug Carriers

Besides liposomes, various carriers, e.g., polymeric drugs carriers/™ and bacterial™ ™ have
been used in drug delivery. In this section, I investigate the potential of SlpB-coating on various
carriers.

Although Equation 2.1 does not possess limitation for the size of particles, large particles, e.g.,
microbeads and bacteria are subject to the effect gravity and inertia, rendering ( potential less
significant due to inertial™! and sedimentation. Meanwhile, as SlpB forms single layer crystalline
array on the surface of carriers, it is possible to obtain an adsorption curve by measuring the
amount of fluorescent SlpB adsorbed on the surface of carriers. To verify this assumption, I have
measured adsorption of SlpB on the surface of LP by fluorescence intensity (Figure 2.7 (a)), and
compared the adsorption curve to { potential measurement. The trend of SlpB-adsorption curve
is similar for both curves measured by ( potential (Figure 2.2 (a)) and fluorescent intensity
suggests that fluorescent SlpB can be used to evaluate adsorption of SlpB on the surface of
carriers.

After co-incubating various concentration of “¥3SIpB to microbeads and Lp. plantarum, the
fluorescence intensities were measured, and an adsorption curve was plotted for each carrier.
Both curves suggest that SlpB can be coated on microbeads and Lp. plantarum (Figure 2.7 (b
- ¢)), and the maximum adsorption capacity of SIpB on both carriers were 400 mg g [SIpB
carrierl].

To confirm whether SIpB were coated on the surface of microbeads and Lp. plantarum,
carriers coated with 400 mg g [SIpB carrier!| were observed with fluorescent microscope. A
thin layer of SlpB was observed at the edge of microbead (Figure 2.8 (a)) and Lp. plantarum
(Figure 2.8 (b)) indicate that SlpB has been coated on the surface of both microbeads and Lp.

plantarum.
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Figure 2.7 Adsorption of SlpB on various types of carriers. Adsorption of SIpB on (a) LP, (b) microbeads
and (c) Lp. plantarum JCM 1149. The plots represent data obtained from triplicate sample in indepen-
dent test and the error bars represent standard deviation of mean.
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Figure 2.8 Fluorescent imaging of SlpB-coated solid microparticles. Fluorescent micrographs of (a)
SIpB-microbeads and (b) SlpB-Lp. plantarum. The scale bars are 1 um.
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2.2.6 Optimal Concentration of SlpB for Maximum Stability

Although I have shown that the maximum adsorption capacity of SlpB on liposome was 400
mg ¢! [SIpB LP!] (Figure 2.2, 2.7 (a)), it remained unclear that whether the adsorption curve
is related to stability. In this section, I investigate the optimal concentration of SlpB required to
be coated on liposome to achieve maximum stability.

As shown in Figure 2.9, retention of FITC increased from 72.1% to 98.9% when LP was coated
with 400 mg g!' SlpB, which indicates that maximum stability of liposome achieved by SlpB-
coating is defined by maximum adsorption capacity of SIpB on liposome. Hereafter, SlpB-LP in

this dissertation is defined as liposome coated with 400 mg g™' [SlpB LP-!].

2.2.7 Stability of SIpB-Coated Liposomes in Various pH

Then, the stability of SlpB-LP in various pH was evaluated. Buffers with gut environment
mimicking pH, i.e., pH 2 for stomach, pH 4 for the interface between stomach and duodenum,
pH 7 for small intestine and pH 9 for colon, were prepared, and both LP and SlpB-LP were
incubated in these buffers for 60 min at 37°C.

Regardless of the polydispersity of liposomes, SlpB-coating could enhance the stability of
liposome across broad range of pH (Figure 2.10). At pH 7, SlpB has improved the stability of
LP by 1.4-fold, from 72.1% FITC retention to 98.9% FITC retention, while the stability of pLP
was improved by 1.2-fold, from 78.2% to 96.9%. The enhancement of stability was particularly
distinctive at pH 9, where the stability of LP was improved by 1.9-fold, from 32.4% to 61.5%;
while improving the stability of pLP by 6.8-fold from 3.0% to 22.3%.

As pLP used in this study contains higher concentration of cholesterol in its formulation?,
higher stability has been achieved by pLP at neutral to acidic pH compared to LP due to the
enhanced membrane rigidity. Thus, the increase in stability enhanced by SlpB for pLP was
smaller compared to LP. Statistical significance of improvement of stability by Slp-coating was
detected in all samples.

However, it remained unclear whether SlpB-coating remains robust on the surface of lipo-
some under various pH, given that some Slp-like protein, e.g., glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) [76] will detach from the surface of lactobacilli at high pH. Thus, further

investigation of the robustness of SlpB adsorption is required.

t45.5% compared to 40.0% in LP
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Figure 2.9 Stability of liposome coated with various concentration of SIpB in deionised water (pH 7)
after 60 min incubation at 37°C. Stability of liposome was evaluated by percentage of FITC remain
encapsulated after incubation. The plots represent data obtained from triplicate sample in independent
test and the shaded region represent standard deviation of mean.
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Figure 2.10 Stability of liposomes under various pH conditions. (a) LP, (b) pLP. The plots represent data
obtained from triplicate sample in independent test and the error bars represent standard deviation of
mean. Statistical significance was evaluated with Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.2.8 Robustness of SIpB Adsorption on Liposomes

The robustness of SlpB adsorption on liposome was evaluated by SDS-PAGE analysis and
stained with silver after incubation in buffers with various pH for 60 min. If SlpB was detached
from liposomes, then, SIpB can be detected in supernatant; if SlpB was degraded, more than 1
band can be detected in either supernatant or pellet, else SlpB can only be detected in pellet
as single band. As shown in Figure 2.11, a single band of SlpB was observed in pellet for all
samples of SlpB-pLP, and no band was observed in supernatant, suggesting that SlpB remain

attached on the surface of pLP after incubation.

2.2.9 SlpB Enhances Stability of Liposomes in Gall Solution

Besides the diversity of pH in GI tract, another physicochemical barrier which liposomes
encounter in gut is gall solution. Gall solution in gut contains bile acid and lecithin which
could emulsify and dissolve cholesterol in liposome, compromising their stability. Therefore, it
is important to evaluate the stability of liposomes in gall solution. As the concentration of bile
salts in small intestines range from 0.2 - 2% [w/v]["l, stability of liposomes in 0.5 - 3% [w/v] gall
solution was evaluated, and the relationships between concentration of gall solution and relative
stability of liposomes were plotted (Figure 2.12). As shown in Figure 2.12, SlpB-coating has
improved stability of liposome against various concentration of bile acid. In 3% gall solution,
SlpB has improved the stability of LP by 1.2-fold, which increase the retention of FITC in LP
from 54.9% to 66.2%, while the stability of pLP was enhanced by 35.4-fold from 2.0% to 68.9%
FITC retention by SlpB-coating.

Coating of liposomes with SlpB has increased the rigidity of liposome, which has enhanced
their stability. Crystalline array formed on the surface of liposomes has improved stability of

liposome against emulsifying effect of bile acid and lecithin.
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Figure 2.11 Robustness of SlpB-coating on pLP after incubating in buffers with various pH for 60 min.
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2.2.10 SlpB Enhances Stability of Liposomes in Simulated Gut Fluids

To further investigate the potential of SlpB in enhancing the stability of liposomes in GI
tract, stability of liposomes in SGF and SIF were investigated. SGF contains pepsin in pH 1
hydrochloric acid, while SIF contains pancreatin® in pH 7, which could hydrolyse and oxidise
liposomes. Figure 2.13 shows that SlpB enhanced stability of liposomes in both SGF and SIF. In
SGF, SlpB has improved stability of LP by 1.6-fold from 41.5% to 68.0% FITC retention, while
no significant improvement of stability of pLP was observed. On the other hand, in pancreatin
containing SIF, SlpB-coating has improved the stability of LP by 5.0-fold from 2.8% to 14.1%

FITC retention, while it improved the stability of pLP by 6.5-fold from 1.9% to 12.5%.

 Pancreatin contains lipase, pepsin, trypsin, protease and other pancreatic enzymes
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Figure 2.12 Stability of liposomes in various concentration of gall solution. (a) LP, (b) pLP. The plots
represent data obtained from triplicate sample in independent test and the error bars represent standard

**

LP

—e—SIpB-LP

0

1 2 3 4
Concentration of gall solution, %

deviation of mean. Statistical significance was evaluated with Student’s t-test. * p < 0.05, ** p < 0.01.

—
QO
=
o
o
—
O
~

(o]
o
T

(o]
o
T

N
o
T

N
o
T

*k%

FITC remain encapsulated, %
FITC remianed encapsulated, %

SGF SIF

Figure 2.13 Stability of liposomes in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF).
(a) LP, (b) pLP. Both SGF and SIF were prepared as the formulation of U.S. Pharmacopoeia. SGF
contains pepsin at pH 1, and SIF contains pancreatin at pH 7. The plots represent data obtained from
triplicate sample in independent test and the error bars represent standard deviation of mean. Statistical
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2.3 Discussion

2.3.1 Coating of SIpB on Liposomes

In this chapter, I have demonstrated coating of SlpB on the surface of anionic liposome.
Interestingly, for bare LP which the { potential was similar to 5 M LiCl-treated Lv. brevis,
the ( potential after coating with 400 mg g™! [SIpB LP!] was similar to native Lv. brevis with
SlpB (Appendix E). This result suggested that crystalline array formed on the surface of anionic
liposome was similar to Lv. brevis. If the structure of SlpB crystalline array formed on the surface
of LP differed from the structure of SlpB formed on the surface of Lv. brevis, the charge would
be different due to difference in area exposed to slipping plane. Therefore, it can be deduced
that the structure of crystalline array of SlpB formed on liposome is similar to that of Lv. brevis.

Although different composition of liposome might result in difference in final ¢ potential
achieved when liposomes were coated with SlpB at maximum adsorption capacity (Figure 2.2),
the maximum adsorption capacity was equal, which suggest that SlpB coating does not depend
on the composition of liposomes. Moreover, in contrast to maximum adsorption capacity of SlpB
at 200 mg g [SIpB LP!| on cationic liposome as reported by previous study!®! 400 mg g!
[SIpB LP!| can be adsorbed on the surface of anionic liposome, which suggests that maximum
capacity of SlpB adsorption depends on surface charge, but not magnitude of charge of liposome.

Computation of the isoelectric point of each terminal of SlpB suggests that N-terminal of
SlpB which binds to bacteria surface was 9.87, whereas the isoelectric point of self-assembling
C-terminal is 5.42. In neutral pH, surface binding N-terminal is positively-charged, thus, N-
terminal preferentially attract to negatively-charged surface and induce formation of crystalline
array on C-terminal. Formation of crystalline array, which expose the negatively charge domain
of SlpB which is more negatively-charged compared to surface of liposome at outer surface, result
in reduction of surface charge.

Regardless of ¢ potential of bare liposomes, the adsorption curve of SlpB of both liposomes
followed a similar trend. This observation resembles the trend of adsorption of Slp from Lv. brevis
on cationic liposomes as reported in Ref 55. A plateau on each curve can be observed, which
suggests incomplete shielding of liposome surface by SlpB when liposomes were co-incubated
with 50 - 350 mg g™! [SIpB LP!]; a sudden decrease in { potential can be observed when 400 mg
gt [SIpB LP!| was coated on the surface of liposome, indicates formation of crystalline array of

SlpB which completely cover the surface of liposome.

32



Chapter 2. Preparation and Characterisation of Slp-LP

2.3.2 SlpB Enhanced Stability of Liposomes

Coating of SlpB on the surface of liposomes has increased both the colloid stability of lipo-
somes and their stability against various gut mimicking environment, which might prolong the
storage of liposomal drugs and allow oral delivery. As shown in Figure 2.2, SIpB decreases the (
potential of anionic liposomes, thus, enhancing the colloid stability of liposomes. Improvement
of colloid stability led to narrower size distribution of SlpB-LP compared to LP (Figure 2.3).
Positive skewness was observed for the size distribution of LP, suggesting that LP was aggregated
during measurement, while SIpB-LP remained stable throughout the process of measurement.

Improvement of liposomes stability by SlpB-coating is resulted from attachment of SlpB
on the surface of LP, which not only increased the rigidity of lipid membrane, but also act
as diffusion barrier to non-electrolytes 65 thus, reduce the leakage of FITC, damage of lipid
membrane induced by pH changes and emulsification by gall solution.

Furthermore, the crystalline array formed by SlpB can act as molecular filter which has
limited the access of macromolecule. Crystalline array formed by SlpB on Lv. brevis has lattice
constant @« = 8.4 nm, § = 5.0 nm, v = 80°. On the other hand, hydrodynamic diameter
of enzymes contained in pancreatin, e.g., lipase is 230 Al which is larger than the lattice
constant of SlpB on bacterial surface. The crystalline array of SlpB formed on the surface of
liposome might be similar to bacterial surface, and the array might have limited the access of
enzyme to lipid membrane, thus reducing hydrolysis and oxidisation, and protecting the integrity
of lipid membrane$.

As Slps can be extracted via chaotropic agents, they bind through non-covalent bonds, e.g.,
hydrogen bonding. In this case, charges of binding domains play an important role in adsorption.
Consider the surface of lactobacilli are negatively charged in neutral environment due to the
present of teichoic acid, the isoelectric point of binding domain of Slp(-like) proteins have to be
high enough to bind to bacterial surface via electrostatic force. High isoelectric point of SlpB
allow it to maintain its charge at high pH, which is below its isoelectric point, therefore provide
stable electrostatic force for binding through charge interaction. This property of SlpB has
enabled robust attachment of SlpB on the surface of liposome in high pH environments (Figure

2.11), which correspond to intestine and colon.

§Hydrodynami(} diameter is defined by considering protein as a perfect sphere. It is not equivalent to the
size of proteins. For instance, for the case of lipase (RSCB PDB: 10IL), the distance between Gly*° and
Leu®'" is 24.42 A; the distance between Pro*®! and Leu?** is 40.50 A, which is small enough to pass through
the crystalline array formed by SlpB. This suggest that enzyme can pass through the SlpB lattice at certain
orientation. Therefore, crystalline array serves to limit but not prevent the access of enzyme.
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Furthermore, SlpB-coating has also enhanced stability of liposome in SIF and SGF. Pro-
teome analysis of trypsin-hydrolysed SlpBs has shown that the signal intensity of C-terminal was
low*3] suggested that C-terminal could resist enzymatic degradation. The hydrolytic-resistant
C-terminal of SlpB could self-assemble into tight crystalline array which protect liposomes against
enzymatic degradation. This resistance against enzymatic degradation has contributed to high

stability of SlpB-LP in SGF and SIF.

2.3.3 Advantages of SipB-Coating Compared to other Sips

In contrast to other Slps-expressing microorganisms, lactobacilli are generally regarded as
safe. Thus, Slps from lactobacilli are more favourable ligand to target APCs in gut, compared
Slps from other genera.

Generally, Slps from lactobacilli exhibit high isoelectric point at binding domains compared
to Slps from other species and other surface components from lactobacilli. Computation of
isoelectric point of binding domain of various types of Slp(-like) proteins, i.e., SIpA from L.
acidophilus, SlpB from Lv. brevis, elongation factor Tu from Limosilactobacillus reuteri and
GAPDH from Lp. plantarum shows that the isoelectric point for binding domain of SlpA was
9.92, SlpB was 9.87, EF-Tu was 5.09 and GAPDH was 6.82. As electrostatic force is responsible
for coating of Slps and other components on the surface of lactobacilli, high isoelectric point
offers robust adsorption of protein to surface. Detachment of other surface components from
lactobacilli at neutral pH, which is the pH in intestine are discussed in prior studies!™l.

Besides liposomes, SlpB can also be coated on the surface of other carriers, e.g., microbeads
and bacteria, which could expand the repertoire of drug carriers which can be used in oral delivery

of immunomodulatory drugs.

2.4 Summary

In this chapter, I have shown that SlpB can be coated on various carriers with focus on
anionic liposomes. SlpB was extracted from Lv. brevis JCM 1059, and a single band of protein
with molecular mass of 52 kDa was confirmed with SDS-PAGE. Then, SlpB was coated on LP
and pLP, and the { potential was measured. SlpB-coating decreases the ( potential of liposomes,
which has in turn improved the colloid stability of liposomes. Particle size analysis by dynamic
light scattering, fluorescent imaging and electron microscopic analysis of SlpB-LP suggest that

SlpB form a single layer of crystalline array on the surface of liposome.
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Moreover, I have shown that SlpB has enhanced stability of liposomes against gut mimicking
environments. SlpB-coating on the surface of liposomes was robust against broad pH range from
pH 2 to pH 9. Robust attachment of SIpB on the surface of liposomes has ensured that SlpB
could improve the stability of liposomes in environment with broad range of pH. Furthermore,
SlpB-coating has also improved stability of liposomes in gall solution of various concentration,
and in SGF and SIF. Improvement in the stability of liposomes by SlpB has make SlpB-LP an

attractive carrier for oral delivery of drugs.
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Chapter 3
SlpB Enhances Endocytosis and Induces Adjuvant Ef-

fect for Antigen Presenting Cells

In the previous chapter, I have shown that SlpB-LP is stable against broad pH range, gall
solution, SGF and SIF. However, the targeting effect of SlpB-LP to APCs was undetermined.

An important aspect which determines the potential of a compound as targeting ligand is
its capability to bind to specific receptors. Receptor-mediated endocytosis is induced through
specific ligand-receptors interaction, thus improving endocytosis of carriers by specific cells. In
this chapter, I evaluate the targeting effect of SlpB to APCs, and investigate whether SlpB-
coating enhances endocytosis by APCs. There are 3 major types of antigen presenting cells in
mammals, i.e., M®s, DCs and B cells. As B cells are weak endocytic cells, M®s and DCs are
the main APCs involve in endocytosis. Thus, M®s and DCs are the major target to be studied.

In addition, another benefit of SlpB in improving therapeutics effect of drugs has remained

undiscussed. Generally, Slps could induced immunomodulatory effect in host cells!*6-22],

sug-
gesting that Slps might induce adjuvant effect which could improved therapeutic effect of drugs.
Wu et al. have demonstrated improved cancer immunotherapy by immunising mice with Slp-
functionalised doxorubicin-loaded polymeric nanoparticles via intravenous injection!8%. All mice
immunised with Slp-functionalised doxorubicin-loaded polymeric nanoparticles has survived for
at least 21 days without obvious body weight loss compared to 40% for mice injected with Slp
and 80% for mice injected with doxorubicin-loaded polymeric nanoparticles.

On the other hand, Acosta et al. have shown that Slp from Lv. brevis could modulate the
function of APCs via Mincle-Syk-Card9 axis, which results in immunomodulation and production
of IL-10 and transforming growth factor (TGF)—B[33]. The adjuvant effect offered by Slps can
be leveraged to improved therapeutic effect of drugs, besides elevated stability and uptake.

In this chapter, [ will investigate whether SlpB-coating could enhance endocytosis by APCs,

induce adjuvant effect, and improve therapeutic effect of drugs based on the benefits it provided.
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3.1 Methods

3.1.1 Maintenance and Differentiation of THP-1 Cells

THP-1 monocyte (JRCB0112) used in this dissertation was maintained at 2 - 9 x 10° cells
ml! in Roswell Park Memorial Institute (RPMI) 1640 medium [ supplemented with 9.1% heat
inactivated fetal bovine serum. Incubation was conducted in 37.0°C, 5.0% COo humidified
incubator. Throughout this dissertation, the medium used to maintain THP-1 monocyte is
known as supplemented RPMI 1640 (sRPMI) medium.

Experiments were conducted in 24- and 96-well tissue culture plate. THP-1 monocyte sus-
pended in sSRPMI medium supplemented with 20 nM phorbol 12-myristate 13-acetate (PMA)
was seeded into each well at density of 2.0 x 103 cells mm™, and incubated in 37.0°C, 5.0%
COg humidified incubator for 48 h to differentiate into immature M® (imM®; MO phenotype).
imM® was allowed to rest in SRPMI medium for 72 h. To polarise imM® to pro-inflammatory
M® (M®; M1 phenotype), culture was replaced with fresh sSRPMI medium supplemented with
10 ng mI'! recombinant human interferon y (thIFN-y) and 100 ng ml™! lipopolysaccharide (LPS)
from FEscherichia coli (E. coli) O26; for dendritic cell (DC; M2a phenotype) polarisation, cul-
ture was replaced with fresh sSRPMI medium supplemented with 20 ng ml™!' recombinant human
interleukin 4 (rhIL-4), and incubated for 48 h. Depending on application, DC can further be
maturated into mature DC (mDC) by incubating DC in sRPMI supplemented with 100 ng ml*
LPS for another 24 h.

To confirm induction of cells with expression of signature receptors, the cells were detached
and collected, fixed with 3.7% formaldehyde and 0.8% methanol, blocked with 3% BSA, followed
by incubation with either mouse Ab against hDC-SIGN or mouse Ab against human Mincle
(hMincle), and FITC-conjugated goat Ab against mouse IgG. For each sample, 5,000 cells were
analysed with flow cytometer.

Protocol for induction was justified in Appendix F.

3.1.2 Interaction of SlpB with APCs

DC was detached from well plates and co-incubated with 3% BSA in PBS (-) for 60 min.
After that, the cells were washed thrice in PBS (-) and co-incubated with 10 pg ml'! FIT¢SIpB
in fresh sSRPMI at 37°C. Then, the cells were collected by centrifugation at 194 xg¢ for 5 min,

washed thrice, and fixed with 3.7% formaldehyde and 0.8% methanol in PBS (-). Fixed cells
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were washed thrice and analysed with flow cytometer.

To investigate binding of SlpB to receptors on M® and DC, i.e., Mincle and DC-SIGN, both
M®and DC were fixed with 5% formalin solution and washed thrice. Then, M® was co-incubated
with Ab against Mincle; DC was co-incubated with Ab against DC-SIGN for 60 min at 37°C
to block the access of SlpB to hMincle and hDC-SIGN. The cells were washed thrice to remove
excess Abs, and co-incubated with 10 pg ml™! ©¥2SIpB for 60 min at 37°C. After incubation, the
cells were washed thrice and the fluorescence intensity was analysed with microplate reader.

To eliminate the effect of potential unspecific binding of SIpB to Abs, the capability of SIpB to
block the binding of Ab to DC-SIGN was evaluated. DC-SIpB complex was fixed and blocked with
BSA. Then, the cells were incubated with 200 ng ml! mouse Ab against hDC-SIGN followed by
FITC-conjugated goat Ab against mouse IgG to stain DC-SIGN*. The cells were washed thrice,
suspended in 100 pl PBS (-) and analaysed with microplate reader; number of cells was counted
with Biirker-Tiirk haemocytometer. The fluorescence intensity was normalised with number of

cells.

3.1.3 Endocytic Kinetic of Liposome by APCs

Liposomal propidium iodide (PTLP) was prepared by rehydrating desired amount of anionic
liposome in PI solution at 100 pM mg™! [PI LP'|. SlpB-F!LP was prepared as described in
Section 2.1.8.

Prior supplementation of LPs, culture supernatant of both M® and DC was replaced with
fresh SRPMI medium to remove debris and dead cell, which are PI" and will result in false
positivity. Then, both M® and DC was co-incubated with LPs for various length of time in
37.0°C, 5.0% COg humidified incubator. Cells were washed with D-PBS (-) twice to remove
excessive liposome, detached, and resuspended in D-PBS (-). Cell suspension was filtered through
40 pm mesh filter and analysed with flow cytometer.

To obtain endocytic kinetic curves, mean fluorescence intensity (MFI) of negative control
(cells without co-incubation with any LP) was subtracted from MFT of each sample. Then, the

mean and standard deviation was calculated, and kinetic curves were plotted.

3.1.4 Imaging of Endocytosis of Liposome

Liposomal @V30VA (®¥3-OVALP) was prepared by rehydrating LP in 20 pg mg™t [©Y30OVA

LP-!] and agitated in dark for 60 min. Then, SIpB was coated as described in Section 2.1.8.

* Staining of hDC-SIGN on fixed DC was confirmed in Appendix F
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DC was co-incubated with either ©Y3-OVALP or SlpB-C¥3-OVALP for 30 min and 70 min. Then,
the DCs were washed twice with D-PBS (-), and immediately fixed with 3.7% formaldehyde and
0.8% methanol. DC-SIGN was stained as described in Section 3.1.2 to determine the region
enclosed by cell membrane, while nucleus was stained with 1 ptM DAPI solution as counterstain.

The stained DCs were immersed in PBS and observed with laser scanning microscope.

3.1.5 Effect of Particle Size on Endocytosis

To prepare liposome with different size, polydisperse LP (pLP) suspension was sonicated
with 60 s sonication and 10 s rest cycle for 10 cycles. Then, the size and polydispersity index of
pLP and sonicated pLP (spLP) were measured with dynamic light scattering method.

Polydisperse liposomal propidium iodide (PIpLP), sonicated polydisperse liposomal propid-
ium iodide (PspLP), SlpB-FIpLP and SlpB-F!spLP were prepared as described in Section 2.1.4
by replacing FITC with PI. Then, liposomes were supplemented to APCs and co-incubated for

70 min. Endocytosis of liposome was analysed as described in Section 3.1.3.

3.1.6 Microbeads Endocytosis by Antigen Presenting Cells

Cy3Beads and SlpB-“Y3beads were prepared with methods described in Section 2.1.6. Either
Cy3peads or SlpB-“Y3beads was co-incubated with M® or DC for various length of time, and the
multiplicity of infection (MOI) was 100. Then, the cells were analysed, and endocytic curves of

microbeads were prepared as described in Section 3.1.3.

3.1.7 Bacteria Endocytosis by Antigen Presenting Cells

To investigate whether SlpB enhances endocytosis of lactobacilli, °F Lp. plantarum and SlpB-
CFLp. plantarum was prepared as described as Section 2.1.6 and co-incubated with APCs for
various length of time at MOI of 100. The experiments were conducted as in Section 3.1.3.

To investigate whether SlpB enhanced phagocytosis of E. coli, E. coli DH5x was cultured
to stationary phase in 37°C, 100 rpm incubator shaker. Then, F. coli was stained with CFDA
and co-incubated with 400 mg g™! [SIpB bacteria™!| as the method used to prepared SlpB-©F Lp.
plantarum as described in Section 2.1.6. Then, either “FE. coli or SlpB-C¥E. coli was co-
incubated with M® or DC for 4 h at MOI of 100, and endocytosis was analysed with flow
cytometry as described in Section 3.1.3. The fluorescence intensity obtained from decuplicate

independent samples were analysed statistically.
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3.1.8 Effect of SIpB-LP on Endocytosis of LP

A set of DC was incubated with FITCLP for 30 min. Then, excess FTT°LP was removed by
washing with PBS (-) for 3 times, followed by incubation with either SlpB-F'LP or PILP for 30
min. Another set of DC was incubated with SlpB-PILP for 30 min, washed and incubated with
FITCLP for 30 min. Cells without incubating with LP and cells incubated with both FITCLP and
SlpB-PILP simultaneously for 60 min were used as control. The result was analysed as described

in Section 3.1.3, and dot plot of each set of samples was plotted

3.1.9 Effect of SlpB-Stimulation on Particles Endocytosis

Prior co-incubation with LP, DC was stimulated with 10 pg ml™* SlpB for 0, 30 and 60 min.
Then, DC was washed with PBS (-) thrice to remove SlpB attached on cells. SlpB-stimulated DC
were co-incubated with PILP at 37°C, 5% COy humidified incubator for 60 min. Excessive P1LP
was removed by washing the cells with PBS (-) thrice. The cells were detached and analysed
with flow cytometer.

To investigate the effect of SlpB-stimulation on endocytosis of solid particles, Lp. plantarum
was used as model. ©FLp. plantarum was treated with 5 M LiCl solution and washed with
PBS (-) thrice to remove surface components. Then, DC was stimulated with SlpB for 1 h
prior co-incubation with “FLp. plantarum. Phagocytosis was analysed at 0.5 and 2.0 h after

co-incubation with ¥ Lp. plantarum.

3.1.10 Effect of SlpB-Stimulation on Production of DC-SIGN

After stimulation with SlpB for 60 min, DC was treated with 2.5 g 1! trypsin in 1 mM
ethylenediaminetetraacetic acid (EDTA) for 5 min to detach the cells and to remove SlpB at-
tached on receptors. Then, the cells were fixed with 3.7% formaldehyde and 0.8% methanol.
Permeation of cells was avoided to prevent detection of intracellular DC-SIGN. Then, DC-SIGN
was stained with Abs and the concentration of DC-SIGN on cell surface was analysed with flow

cytometer as described in Section 3.1.2.

3.1.11 Comparison with Other Types of Ligands

SlpA was extracted from L. acidophilus JCM 1132 as described in Chapter 2 and analysed
with SDS-PAGE. Then, either 400 mg g™' SIpA or SlpB was coated on PILP or 5 M LiCl solution

treated °F Lp. plantarum. Liposomes were supplemented to APCs and co-incubated for 60 min,
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while ¥ Lp. plantarum were co-incubated with APCs for 4 h at MOI of 100 and analysed as

described in Section 3.1.3.

3.1.12 Endocytosis under Inhibition of Actin Condensation

A set of DC was treated with 10 pM cytochalasin D82 for 60 min prior incubation with
carriers. Then, DC were co-incubated PILP or SlpB-FILP for 60 min, and with SlpB-C¥ Lp.
plantarum for 120 min. Endocytosis was analysed as described in Section 3.1.3, and the changes

in endocytosis by DC with and without cytochalasin D treatment were compared.

3.1.13 Adjuvant Effect of SIpA and SipB

To evaluate adjuvant effect of SlpB on DC, DCs were incubated with 100 ng ml' LPS with
10 pg ml! filtered sterile SIpB or 300 pg ml™* OVA with 10 pg ml™! SlpB. All reagents used are
filtered sterile. SlpB was tested with limulus amebocyte lysate assay to confirm that endotoxin
was below detection limit.

The adjuvant effect of SIpB on M® was also evaluated with 300 pg ml"* OVA and 5 pg ml™!
SlpB as described in Ref 33.

3.1.14 Cytokine Production of Antigen Presenting Cells Treated with “GCLP

To prepare SlpB-*¢CLP, *GCLP (contains 5 mg ml' a«GC in 50 mg mlt LPT) was coated
with 20 mg SlpB ml! *SCLP. Endotoxin of sample was tested with limulus amebocyte lysate
assay, and the endotoxin of SlpB and *6CLP were below detection limit.

*GCLP or SlpB-*GCLP was supplemented to M®, DC or mDC at 10 pl *GCLP ml?! cell
culture. After co-incubation for 60 min in 37.0°C, 5.0% COy humidified incubator, cells were
washed with D-PBS (-) thrice, and the medium was replaced with fresh sSRPMI medium. Pro-
duction of free cytokines in culture medium was measured with enzyme-linked immunosorbent
assay (ELISA) kit after 48 h incubation in 37.0°C, 5.0% COy humidified incubator.

IL-12/1L-23 (p40), IL-10, IL-17A and IL-6 which are representative cytokines for T helper
(Tg)1, T2, THl7 responses were measured. ELISAs were conducted as manufacturer’s instruc-
tions with 1 M sulphuric acid was used as stop solution. For each set of assays conducted, a
calibration curve was plotted. Cytokines production was calculated based on calibration curves

and analysed statistically.

t The composition of LP is unknown. The ¢ potential of *““CLP is in Appendix E.
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3.1.15 mRNA Expression of DC Treated with “CCLP

DC was supplemented with either *GCLP or SlpB-*GCLP at final concentration of 10 yl
*GCLP ml! cell culture and incubated in 37.0°C, 5.0% CO, humidified incubator for 60 min.
Then, the cells were washed with D-PBS (-) thrice, the culture medium was replaced with equal
volume of fresh sSRPMI medium, and incubated in 37.0°C, 5.0% COs humidified incubator. Cells
were collected and total RNA was extracted at 8 h, 16 h and 24 h after treatment. Total RNA was
extracted according to manufacturer’s protocol of Qiagen RNeasy mini kit with materials listed
in Appendix A. Quantity and quality of RNA was evaluated with NanoDrop spectrophotometer,
and equal amount of RNA samples were mixed, and reverse transcribed into complementary DNA
(cDNA) with qPCR RT master mix. The resulting cDNA was diluted 5-fold with nuclease-free
water and mixed with primers listed in Appendix A. The mixtures were incubated in a StepOne
Real Time PCR system according to the manufacturer’s instructions. The data obtained were

normalised with messenger RNA (mRNA) expression level of $-actin as housekeeping gene.

3.2 Results

3.2.1 Maintenance and Differentiation of THP-1 Cells

In in vitro study, THP-1 monocyte[®3] was used as model cell as it can be induced into both
M® and DC. Figure 3.1 shows the micrographs of various phenotypes of THP-1-derived cells
which have been used in this study.

The expression of signature receptors on M® and DC were confirmed on specific phenotype
by microscopic analysis (Figure 3.2) and flow cytometry (Figure 3.3). > 90% cells express DC-
SIGN for DC and Mincle for M®. The result shows that DC-SIGN was specifically expressed on
DC, while Mincle was specifically expressed on M®, which suggest the specificity of expression on
these receptors on specific phenotype of cell, i.e., Mincle on M® and DC-SIGN on DC. The result

also suggested that THP-1 monocytes can be properly induced into each desired phenotype.
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Figure 3.1 Micrographs of various phenotypes of THP-1-derived cells. (a) THP-1 monocytes, (b) imM®,
(c) M®, (d) DC, (e) mDC. The scale bars are 10 um.

—— [Nucleus

DC-SIGN

Figure 3.2 Micrographs of expression of Mincle on M® and DC-SIGN on DC. The scale bars are 25 pm.
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Figure 3.3 Expression of DC-SIGN and Mincle on various phenotypes of THP-1-derived cells. Repre-
sentative histogram obtained from flow cytometric analysis for (a) DC-SIGN and (b) Mincle. 5,000 cells
were analysed for each sample. Grey areas indicate control. The numbers indicate percentage of cells
in gated region. Statistical analysis of (¢) DC-SIGN and (d) Mincle on each phenotypes. The plots rep-
resent data obtained from triplicate sample in independent test and the error bars represent standard
deviation of mean. Statistical significance was evaluated by one-way analysis of variance (ANOVA) test
followed by post-hoc testing using Tukey multi comparisons test. **** p < 0.0001.
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3.2.2 Interaction of SlpB with DC

Prior study has shown that Slp from Lv. brevis binds to Mincle on M® 331, Although study
has also shown that Slp from Lv. brevis binds to DC-SIGN 29 the result has raised concerns
as Slp from Lwv. brevis did not prevent Slp from L. acidophilus, a ligand of DC-SIGN, from
binding DC-SIGN. Therefore, it is important to investigate whether SlpB from Lv. brevis binds
to receptor on DC.

After co-incubating with FTTCSIpB, distinct increase in fluorescence intensity originated from
SlpB was observed (Figure 3.4). Approximately 87.1% DC binds to SlpB. Considered the ratio
of DC-SIGN ™ DC in this study, almost all DC-SIGN™ DC binds to SlpB, which suggests that
SlpB binds to DC.

Slp from Lv. brevis has been shown to bind to Mincle!?3, which is a C-type lectin on MO.
Therefore, it potentially binds to other C-type lectin on DC, probably DC-SIGN, which SIpA
from L. acidophilus binds tol?*l. As Ab against SlpB is not commercially available, I have
investigated the binding of SIpB to Mincle and DC-SIGN with Ab against Mincle and DC-SIGN.

Figure 3.5 shows that SlpB could bind to both Mincle and DC-SIGN. After 60 min pre-
incubation of M® and DC with Ab against hMincle or Ab against hDC-SIGN, binding of SlpB
to MO and DC were reduced by 1.5- and 1.7-fold respectively, which suggests that SlpB binds
to DC-SIGN and Mincle.

To further eliminate the effect of potential unspecific binding of SlpB to Abs, binding of SlpB
to DC-SIGN was assessed by blocking the access Abs to DC-SIGN with SlpB (Figure 3.6). Pre-
blocking of DC with SlpB reduced the signal intensity originated from Ab against hDC-SIGN
by 1.2-fold, which suggested that the result obtained in Figure 3.5 was robust against unspecific
binding of SIpB to Abs.

As both Mincle and DC-SIGN are C-type lectins which interact with sugar, I have aligned
the amino acid sequence of SIpB with carbohydrates binding domains as described in C. difficile
toxins (ToxA) and Streptococcus mutans glucosyltransferases (GBP) 84 which are responsible for
glycoconjugation, to confirm the location of SlpB responsible for DC-SIGN and Mincle binding

(Figure 3.7). All the sugar binding sites are located in N-terminal of SlpB.
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Figure 3.4 SIpB binds to DC. Flow cytometric analysis of SlpB binding to DC. 10,000 cells were analysed
for each sample. Grey area indicates control. The number indicates percentage of cells in gated region.
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sample in independent test and the error bars represent 95% confidence interval of mean. Statistical
significance was evaluated by one-way ANOVA test followed by post-hoc testing using Tukey multi com-
parisons test. **** p < 0.0001.
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Figure 3.6 SIpB blocks the binding of Ab against DC-SIGN to DC. The plot represents data obtained
from quintuplicate sample in independent test and the error bars represent 95% confidence interval of
mean. Statistical significance was evaluated with Student’s t-test. ** p < 0.01.
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Figure 3.7 Sequence alignment of SIpB to carbohydrates binding domains as described in C. diffi-
cile toxins (ToxA) and Streptococcus mutans glucosyltransferases (GBP)®4 which is responsible for
glycoconjugation. Other binding motifs, e.g., binding domain from fibronectin binding protein B (FnB)
from Staphylococcus aureus!®, actin binding protein from Listeria monocytogenes (ActA) and SipA
from Salmonella typhimurium8871 and actin binding domain from cofilin/l were identified mainly in
N-terminal of SIpB. Upper case letters indicate highly conserved residues or residues with an identity of
50% or higher. X, variable residue.
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Interestingly, alignment with other binding motifs, e.g., binding domain from fibronectin
binding protein B (FnB) from Staphylococcus aureus 851 " actin binding protein from Listeria
monocytogenes (ActA) and SipA from Salmonella typhimurium 86:37] " and actin binding domain
from cofilin/®® suggests that all the common binding domains of SIpB can be found in its N-
terminal, which potentially reduce unspecific binding to extracellular matrices (Figure 3.7)), in

contrast to SIpA from L. acidophilus, L. helveticus, etc.

3.2.3 SlpB-Coating Enhances Endocytosis by Antigen Presenting Cells

In previous subsection, I have shown that SlpB is a ligand of DC-SIGN; while prior study
has shown that SlpB is a ligand of Mincle®3l, which suggests that SIpB is a potential ligand to
both M® and DC. As M® and DC are usually co-localised in immune organ, it is difficult to
overlook the effect of either type of APCs. Therefore, the effect of SIpB on the endocytosis of

both types of cells are investigated.

SlpB Enhances Endocytosis of Liposome

To study endocytosis of liposome, PI dissolved in deionised water was used as indicator. PI
is live cell impermeable dye, which could reduce the noise generated by leakage of dye from
liposome during incubation, rendering it a more robust tool to evaluate endocytosis of liposome
compared to other dyes. Flow cytometric analysis of DC after co-incubating with 10 pM PI for
70 min (Figure 3.8) shows no distinct shift in distribution of fluorescent intensity, which suggests
that PI did not permeate the membrane of live cells.

To determine the optimal time of co-incubation required to facilitate active endocytosis of
LPs by APCs, time-lapse flow cytometric analysis was performed (Figure 3.9). For both M®
and DC, MFI increased significantly 60 min after co-incubation with SlpB-FILP compared to
PILP. The fluorescence intensity increased by 3.4-fold at 60 min and 1.5-fold at 70 min for M®;
2.4-fold at 60 min and 2.3-fold at 70 min for DC. The result suggested that 60 min is required

for SIpB to induce active endocytosis of liposome (Figure 3.9 (a - b)).
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Figure 3.8 Flow cytometry analysis of DC co-incubated with 10 uM PI for 70 min. 1,500 cells were
analysed for each sample. Grey area indicates control. The number indicates percentage of cells in
gated region.
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Figure 3.9 Endocytosis of liposomes by APCs. Kinetics of liposome endocytosis by (a) M® and (b) DC.
The plots represent data obtained from triplicate sample in independent test and the error bars represent
standard deviation of mean. Statistical significance was evaluated with Student’s t-test. * p < 0.05, ** p
< 0.01, **** p < 0.0001. Representative histograms of M® co-incubated with (c) 'LP and (d) SIpB-"'LP
for 70 min; DC co-incubated with (e) P'LP and (f) SIpB-F'LP for 70 min. 1,500 cells were analysed for
each sample. Grey areas indicate control. The numbers indicate percentage of cells in gated region.
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The property of membrane impermeability of PI originates from its hydrophilicity. With LP
as carrier, PI was able to be delivered to 25.5% M® and 58.9% DC at 70 min co-incubation.
Delivery of PI was further enhanced by SlpB-coating, which resulted in 40.0% and 77.5% PI*
M® and DC respectively (Figure 3.9 (c - f)), compared to 0.5% for PI in deionised water.

The histogram obtained from cells 70 min after co-incubation with PILP and SlpB-FILP
(Figure 3.9 (c - f)) revealed that besides enhanced endocytosis of LP through ligand-receptor
interaction, SlpB has also facilitated even distribution of LP among cells. A narrower peak
width and higher frequency was observed on both histograms of cells co-incubated with SlpB-
PILP. Furthermore, increases in percentage of PIT cells and MFI for cells co-incubated with
SIpB-PILP was also observed.

To further confirm the condition of LPs endocytosis in cells, i.e., whether the LPs were
attached to the surface of cells or endocytosed into cells, imaging of DCs after 30 min and 70
min co-incubated with LPs were conducted. As PI is potentially dissolved in methanol, which
is used as stabiliser in formaldehyde solution, and diffuse through cell membrane upon fixation,
Cy3-conjugated ovalbumin (®Y3OVA) was encapsulated in LP instead of PI, and DC was chosen
as model for its higher endocytic capacity (Figure 3.9 (a - b)).

The micrographs show that liposomes were endocytosed into DCs for all samples (Figure
3.10). MFT of “¥30VA within region enclosed by the signal of DC-SIGN was quantified and
compared among samples. Higher intensity of LP per pixel?> was found in DC co-incubated
with SlpB-C¥3-OVALP, confirmed that SlpB-coating has enhanced endocytosis of LP by DC via

ligand-mediated endocytosis.
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SIpB-CY3-0VAL p

Figure 3.10 Pinocytosis of ®Y3OVALP and SlpB-®Y3OVALP by DC at 30 min and 70 min co-incubation.
The number in each diagram indicates MF1 of ©Y3OVA of area enclosed by DC-SIGN. The scale bars are

5 pm.
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Effect of Particle Size on Endocytosis

Although prior study!89 has suggested that particle size of liposome will affect endocytosis of
liposome, the effect of particle size of liposome on endocytosis by professional phagocytes was not
investigated. In this section, I investigated the relationship between particle size and endocytosis
by professional phagocytes.

After sonication, both mean and standard deviation of particle size of spLLP were reduced by
20-fold compared to pLP, and the polydispersity index was reduced from 1.23 to 0.80 (Figure
3.11).

pLP and spLLP with or without SlpB were co-incubated with M® and DC, and the effect of
the size of liposomes on endocytosis were compared. Regardless particle size and polydispersity of
liposomes, SlpB has enhanced endocytosis by both M® and DC. With SlpB-coating, endocytosis
of pLP increased by 3.2-fold for M® and 1.9-fold for DC, while endocytosis of spLP increased
by 4.4-fold for M® and 1.8-fold for DC (Figure 3.12).

On the other hand, reduced particle size of liposome has decreased endocytosis of liposomes
by both M® and DC (Figure 3.12). Although no statistical significance between pLP and spL.P
was detected in M@, the data pair was statistical different; while statistical significance was
observed for DC. Endocytosis of spLP decreased by 2.2-fold, and SlpB-spLLP decreased by 2.4-
fold after sonication. Liposome with larger particle size sediment during incubation, thus increase
the probability of contact between liposome and cells, which in turn increase the endocytosis of

liposomes by APCs.
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Figure 3.11 Particle size distribution of pLP and spLP measured by dynamic light scattering method.
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Figure 3.12 Effect of particle size on endocytosis of liposome. Endocytosis by (a) M® and (b) DC. The
plots represent data obtained from quintuplicate sample in independent test and error bars represent
95% confidence interval of mean. Statistical significance was evaluated with Student’s t-test.” p < 0.05,
*** p<0.001, ™ p<0.0001. ns indicates non-significant,
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Microbeads Endocytosis by Antigen Presenting Cells

Besides liposomes, various carriers are also used as drug vehicles for various purposed, i.e.,
solid microcapsules are used as vehicle to achieve slow-release of drugs!?991 while recombinant
bacterial92 94 are used to deliver recombinant proteins. In Section 2.2.5, I have demonstrated
that SlpB can be coated on microbeads and bacteria besides liposomes. In this section, I inves-
tigate whether SlpB-coating will also increase endocytosis of these carriers.

From the kinetic curve of phagocytosis (Figure 3.13), MFI increased by 2.1-, 2.0-, and 2.7-fold
for M® co-incubated with microbeads for 1, 2, and 4 h respectively; 5.1-fold for DC co-incubated
with microbeads for 4 h. As M® has higher phagocytic activity than DC, significant increase in
endocytosis of microbeads was observed within 1 h co-incubation (Figure 3.13(a)), while 4 h was
required for DC to significantly increase endocytosis of microbeads (Figure 3.13 (b)).

However, as fluorophore was conjugated on the surface of microbeads, SlpB-coating might
have quenched some fluorophore, which resulted in reduced fluorescence intensity. Analysing the
fraction of cells which have endocytosed microbeads (Figure 3.13 (c - d)) revealed that SlpB-
coating has increased phagocytosis of microbeads by M® in 1 h as in phagocytic curve described
by fluorescence intensity, while it required 2 h for DC to elevate phagocytosis of microbeads by
1.3-fold instead of 4 h.

Moreover, analysing representative histogram of M® and DC at 4 h after co-incubation with
microbeads (Figure 3.13 (e - h)) suggests that SlpB has increases phagocytic activity of both
M® and DC. Comparing the distribution of cells in gated region in Figure 3.13 (e - h), higher
frequency of cells are detected in the region where fluorescence intensity > 10%, which suggests
that SlpB has increased both the fraction of cells which have phagocytosed microbeads and the

phagocytic capacity of cells.
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Figure 3.13 Phagocytosis of microbeads by M® and DC. Phagocytic kinetic of (a) M® and (b) DC. MOI
= 100. The plots represent data obtained from triplicate sample in independent test and the error bars
represent standard deviation of mean. Statistical significance was evaluated with Student’s t-test. * p <
0.05, ** p < 0.01. Phagocytic kinetic evaluated by percentage of positive cells in gated region for (c) M®
and (d) DC. Representative histogram of M® co-incubated with (e) ©¥*beads and (f) SlpB-¥3beads, and
DC co-incubated with (e) ©3beads and (f) SIpB-C¥3beads for 4 h. 5,000 cells were analysed for each
sample. Grey areas indicate control and the numbers indicate percentage of cells in gated region.
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Bacteria Endocytosis by Antigen Presenting Cells

To investigate whether SlpB enhances endocytosis of Gram-positive bacteria, ¥ Lp. plan-
tarum and SlpB-F Lp. plantarum was prepared as described as Section 2.2.5 and co-incubated
with APCs for various length of time.

Relative fluorescence intensity increased by 2.4-, 2.1-, 1.8-, 1.9-fold for M® co-incubated
with SlpB-Lp. plantarum for 0.5, 1, 2, 4 h respectively; 1.2- and 1.8-fold for DC co-incubated
with SlpB-Lp. plantarum for 2 and 4 h respectively based on the phagocytic curves obtained
(Figure 3.14 (a)). For M®, 30 min was required to significantly increases phagocytosis of SlpB-
Lp. plantarum compared to Lp. plantarum (Figure 3.14 (a)), while 2h was required for DC to
elevate phagocytosis of SlpB-Lp. plantarum significantly (Figure 3.14 (b)).

Analysing histogram of flow cytometric analysis of M® and DC 4 h after co-incubation with
Lp. plantarum and SlpB-Lp. plantarum shows that a more distinct peak shift in fluorescence
intensity and higher fluorescence intensity was achieved by DC in gated region despite of longer
time required to significantly increase phagocytosis (Figure 3.14 (c - f)), which suggests that DC
has higher phagocytic capacity, while M® has a higher phagocytic activity.

To expand the application of SlpB-coated bacteria in drug delivery, the potential of SlpB in
enhancing phagocytosis of Gram-negative bacteria was investigated. Figure 3.15 shows phago-
cytosis of E. coli by M® and DC at 4 h after co-incubation. The interaction of M®-FE. coli and
DC-E. coli have been confirmed by phagocytosis of bare E. coli. After subtracting control, SlpB
has increased phagocytosis of E. coli by MO by 1.5-fold, while it increased phagocytosis by DC
by 1.4-fold.

These results suggest that SlpB-coating on both Gram-positive and Gram-negative bacteria

could significantly improve phagocytosis by APCs.
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Figure 3.14 Phagocytosis of Lp. plantarum with and without SipB by M® and DC. Phagocytic kinetic of
(a) M® and (b) DC. MOI = 100. The plots represent data obtained from triplicate sample in independent
test and the error bars represent standard deviation of mean. Statistical significance was evaluated with
Student’s t-test. * p < 0.05, *** p < 0.001. Representative histograms of M® co-incubated with (c) “FLp.
plantarum and (d) SlpB-CF Lp. plantarum, and DC co-incubated with (e) °FLp. plantarum and (f) SlpB-
CF [ p. plantarum for 4 h. 2,000 cells were analysed for each sample. Grey areas indicate control and the
numbers indicate percentage of cells in gated region.
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3.2.4 Potential Mechanism of SlpB-Induced Endocytosis

I have demonstrated that SlpB could enhance endocytosis of liposome by both M® and DC
with focus on DC. In this section, I discuss the potential mechanism of SlpB-induced enhancement
of endocytosis.

Through ligand-receptors interaction, SlpB might induced ligand-mediated endocytosis, which
is specific to APCs, thus enhanced endocytosis of liposome.

To investigate the effect of endocytosis of SIpB-LP on endocytic activity of LP, I have eval-
uated whether stimulation with SIpB-LP could enhance endocytosis of LP (Figure 3.16). When
DC was incubated first with LP (Figure 3.16 (b - c)), increase in intensity related to either LP
was small, which suggest that LP alone does not affect the endocytosis by DC. As discussed in
Section 3.2.3, 60 min was required for SlpB to elevate endocytosis of SlpB-LP. Therefore, incu-
bating with SlpB-LP for 30 min after incubation with LP for 30 min does not result in difference
in endocytosis of liposomes.

On the other hand, when DC was incubated either first with SlpB-LP or with both SlpB-LP
and LP simultaneously, endocytic activity was enhances, and almost all DC was stained with
either type of LP (Figure 3.16 (d - ¢)). This observation suggests that SlpB-LP could activate
pathway related to enhanced endocytosis in DC.

To confirmed if this activation originated from SlpB alone or both SlpB and LP are required
to enhance the endocytosis, influence of SIpB on endocytosis of liposome by DC was investigated
by co-incubation of SlpB and LP with DC sequentially.

In crease in both fluorescence intensity and percentage of LP™ cells suggested that SlpB could
stimulate DC and enhanced endocytosis of LP by DC (Figure 3.17). As shown in Section 3.2.2,
SlpB binds to DC-SIGN on DC. Binding to DC-SIGN results in rapid internalisation of particles
with a speed of 1 pm sl Activation of DC by SlpB-DC-SIGN interaction might increase the

endocytic activity of DC.
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Figure 3.15 Endocytosis of E. coli DH5a by APCs. MOI = 100. The plots represent data obtained from
decuplicate samples in independent test and the error bars represent 95% confidence interval of mean.
5,000 cells were analysed for each sample. Statistical significance was evaluated by one-way ANOVA
test followed by post-hoc testing using Tukey multi comparisons test. **** p < 0.0001.
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Figure 3.16 Effect of uptake of SIpB-LP on endocytic activity of DC. (a) Control DC, (b) DC co-incubated
with FTCLP for 30 min followed by SlpB-P'LP for 30 min, (c) DC co-incubated with FITCLP for 30 min
followed by P'LP for 30 min, (d) DC co-incubated with SlpB-P'LP for 30 min followed by F'TCLP for 30 min,
(e) DC co-incubated with FITCLP and SlpB-P'LP for 60 min. 2,000 cells were analysed for each sample.
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Besides liposome, I have also evaluated the effect of SlpB stimulation on phagocytosis of Lp.
plantarum. Enhanced endocytosis by DC via SlpB-stimulation does not only limit to liposome.
Phagocytosis of Lp. plantarum has also been increased after DC was stimulated with SlpB for 1
h (Figure 3.18), which support the model that activation of DC via SlpB-DC-SIGN interaction
could increase endocytic activity of DC.

Rapid movement of DC-SIGN in DC might increases receptors recycling, which potentially
create a feed-forward loop to increase the density of DC-SIGN on cell surface. To verify this hy-
pothesis, I have measured the concentration of DC-SIGN on cell surface 60 min after stimulation
with SlpB. Distinct peak shift can be observed from histogram when cells were stimulated with
SlpB, while no increase in DC-SIGN on cell surface was observed when other protein, e.g., BSA
was co-incubated with DC (Figure 3.19), which suggests that SlpB could increase the availability
of DC-SIGN on cell surface, potentially through activation of DC by SlpB-DC-SIGN binding.

Stimulation of rapid movement of DC-SIGN in DC by SlpB might explain higher endocytic

capacity of DC compared to M®, even though M® exhibit higher endocytic activity.
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Figure 3.17 Endocytosis of liposome by DC after SlpB-treatment for various length of time prior co-
incubation with P'LP. The plots represent data obtained from triplicate sample in independent test and
the error bars represent standard deviation of mean. Statistical significance of each plot against control
was evaluated with Student’s t-test. * p < 0.05, *** p < 0.001.

600

500

400

W L. plantarum
[ SIpB + Lp. plantarum

300

200

100

Relative fluorescence intensity

0.5 2
Time, h

Figure 3.18 Endocytosis of Lp. plantarum by DC after SlpB-treatment for various length of time prior co-
incubation with Lp. plantarum. The plots represent data obtained from triplicate sample in independent
test and the error bars represent standard deviation of mean. Statistical significance of each plot against
control was evaluated with Student’s t-test.* p < 0.05, *** p < 0.001.
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Figure 3.19 Upregulation of expression of DC-SIGN after SIpB stimulation. 5,000 cells were analysed
for each sample. The numbers indicate percentage of cells in region of interest (ROI).
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3.2.5 Comparison with Other Types of Sips as Ligands

Although previous studies have shown that SIpA from L. helveticus binds to mucus layer 58l
and Slp-like proteins detached from bacteria surface at higher pH in intestine, which makes these
Slps unfavourable for intestinal APCs targeting, it remains a question whether the capability of
SlpB to improve endocytosis is more superior, or at least equal to other Slps. In this section, I
compare the capability of various Slps to induce endocytosis of carriers by APCs.

SlpA was extracted from L. acidophilus JCM 1132 as described in Chapter 2 and analysed
with SDS-PAGE (Figure 3.20). A single band at approximately 50 kDa was observed, which
corresponds to SIpA from L. acidophilus. Then, endocytosis of SIpA-LP and SlpB-LP were
compared 60 min after co-incubation with M® or DC. Regardless of the type of Slps, endocytosis
of liposome by both M® or DC increased significantly (Figure 3.21 (a)).

The effect of SlpA, SlpB and Slp-like proteins on native surface of Lp. plantarum on phago-
cytosis of Lp. plantarum were compared. All type of Slps(-like proteins) have enhanced phago-
cytosis of Lp. plantarum (Figure 3.21 (b)). No difference was observed among the enhancement
of endocytosis by SlpA, SlpB or Slp-like protein.

However, it is important to note that although these Slp(-like) proteins have also improved
endocytosis by APCs, they are not as stable nor specific in targeting. For instance, SlpAs binds
to mucosal layer of gut!®® thus carriers coated with SIpA might not be able to cross mucosal
barriers and deliver to intestinal APCs; on the other hand, Slp-like proteins usually have low
isoelectric point, which results in detachment in intestine. Thus, SlpB is more advantageous

compared to other types of Slps, given similar endocytosis enhancing effect exhibited by all Slps.

3.2.6 Comparison Across Carriers

Actin dependent phagocytosis is generally less effective compared to other types of endocyto-
sis as it requires profound reorganisation of cytoskeleton, which is limited by various biophysical
constraints. Therefore, it is preferentially to utilise delivery through other pathways.

Treatment with cytochalasin D decreased endocytosis of SlpB-Lp. plantarum, suggesting that
endocytosis of Lp. plantarum was actin-dependent phagocytosis (Figure 3.22 (c, f)); inhibition
of actin-condensation did not affect endocytosis of both PILP and SlpB-F'LP (Figure 3.22 (a - b,
d - e)), suggesting that endocytosis of liposome is actin-independent, which explain why higher
fluorescence intensity and fraction of endocytosis™ cells were achieved by cells co-incubated with

liposome in a shorter time (Figure 3.9) compared to other carriers (Figure 3.13, 3.14).
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Figure 3.20 SIpA extracted from L. acidophilus JCM 1132.
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Figure 3.21 Effect of various Slps on endocytosis by APCs. (a) Endocytosis of liposome coated with
various Slps. (b) Phagocytosis of Lp. plantarum coated with various Slp(-like) proteins. The plots
represent data obtained from triplicate sample in independent test and the error bars represent standard
deviation of mean. Statistical significance was evaluated by one-way ANOVA test followed by post-hoc
testing using Tukey multi comparisons test. **** p < 0.0001.

66



Chapter 3. SlpB Enhances Endocytosis and Induces Adjuvant Effect for APCs

(a)50 (b)50 (c)500
ol 39.86% 0 53.96% 400 39.72%
390.88 447.98 721.57
30+ 30 300
< € €
=1 > =3
o o o
o o o
20+ 20 200
10 10 100
o 0 ansd 0
10° 10° 102 10° 10% 100 10° 10" 107 10° 104 105 10° 10’ 10? 10° 104 10°
Propidium iodide Propidium iodide Carboxyfluorescein
()0 (e)50 (f) 500
0,
wl 35.18% " 57.66% o0 10.39%
348.09 495.23 325.21
30 30 300
€ € €
=] > =3
o [s3 [s3
o o o
20 20 200
10 10 100
0
10° 10° 102 10° 104 10 10° 10 102 10° 10* 10° 100 10 102 10° 10* 10°
Propidium iodide Propidium iodide Carboxyfluorescein

Figure 3.22 Type of endocytosis involved in internalisation of liposome and solid microparticles with Lp.
plantarum as example. Histogram of DC endocytosis of (a) LP, (b) SIpB-LP and (c) SlpB-Lp. plantarum
without actin depolymeriser, and histogram of DC endocytosis of (d) LP, (e) SlpB-LP and (f) SlpB-Lp.
plantarum with actin depolymeriser. 1,500 cells were analysed for each sample in (a) - (b), (d) - (e) and
10,000 cells were analysed for each sample in (¢) and (f). The numbers above indicate percentage of
cells in gated region, and the numbers below indicate fluorescence intensity.
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3.2.7 Adjuvant Effect of SIpB

To investigate if SlpB exhibits adjuvant effect in DC, I have investigated extracellular cy-
tokines production by DC after SlpB stimulation (Figure 3.23). When SlpB was supplemented
with LPS, production of 1L-6, IL-12/1L-23 (p40), IL-10 and IL-17A were enhanced; when SlpB
was supplemented with OVA, which is a standard antigen, production of IL-6, IL-10 and IL-17A
were improved.

Furthermore, the results obtained from prior study 33l was verified (Figure 3.24). Production
of IL-17A by M® was significantly increased when SlpB was supplemented with OVA. These

results suggested that SlpB is an adjuvant for APCs.
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Figure 3.23 Cytokines production of SlpB-stimulated DC. (a) IL-6, (b) IL-12/IL-23 (p40), (c) IL-10, (d) IL-
17A production of DC after stimulation. The plots represent data obtained from quintuplicate sample in
independent test and the error bars represent 95% confidence interval of mean. Statistical significance
was evaluated by one-way ANOVA test followed by post-hoc testing using Tukey multi comparisons test.
*p<0.05 " p<0.01, ™ p<0.001.
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Figure 3.24 Cytokines production of SlpB-stimulated M®. (a) IL-17A and (b) IL-10 production of M&®
after stimulation with SIpB. The plots represent data obtained from quintuplicate sample in independent
test and the error bars represent 95% confidence interval of mean. Statistical significance was evaluated
by Student’s t-test. ** p < 0.01.
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3.2.8 Cytokine Production in *¢CLP-Treated APC

As a proof of concept, (25, 35, 4R)-1-O-(x-D-galactopyranosyl)-16-methyl-2- [N- ((R) - 2
- hydroxytetracosanoyl) - amino| -1,3,4- heptadecanetriol (x-galactosylceramide (xGC); trade
name: KRN7000), an immunomodulator was delivered to both M® and DC.

As Tyl polariser, «GC has induced Tyl responses in both M® and DC (Figure 3.25).
Production of extracellular I1.-10 was suppressed, which result in significant increase in the
production of extracellular IL-12 from non-detectable in both control group and *¢CLP-treatment
group to 86.2 and 84.8 pg ml! for M® and DC in SlpB-*SCLP-treatment group respectively.
Increases in production of IL-17A in SlpB-*GCLP-treatment group in M® was also observed,
suggesting that Ty 17 response was also induced. 1L-6 was below detection limit for all samples.

T2 responses-inducing effect of xGC was evaluated with mDC. Production of extracellular
IL-6 and IL-12 were significantly decreased in SlpB-*GCLP-treatment group, while production
of extracellular IL-10 and IL-17A were below detection limits for all samples (Figure 3.26).
This result suggests that enhanced endocytosis of SlpB-*GCLP has significantly improved Ty2
responses in mDC.

Both results shown in Figures 3.25 and 3.26 suggests that functionalisation of drugs-loaded
liposomes with SIpB could improve therapeutic effect of drugs.

The effect of *SCLP and SlpB-*SCLP on DC were further evaluated with mRNA expression
of cytokines by DC, which is more sensitive compared to ELISA.

1961 Therefore, «GC could induce produc-

«GC was first discovered for its anti-tumour effect
tion of Tl cytokines related to anti-tumour effect, e.g., tumour necrosis factor (TNF)-« (Figure
3.27). Furthermore, *GCLP has also upregulated expression of Ty17 cytokines, e.g., IL-6 and
IL-17. SlpB-coating has significantly upregulated expression of IL-6 in relative to *“CLP and

TNF-« in relative to control. IL-2 was below detection limit for all samples.
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Figure 3.25 Cytokines production of “®CLP-stimulated APCs. Production of extracellular cytokines de-
tected in culture supernatant of (a) M® and (b) DC by ELISA. The plots represent data obtained from
triplicate sample in independent test and the error bars represent standard deviation of mean. Statisti-
cal significance was evaluated by one-way ANOVA test followed by post-hoc testing using Tukey multi
comparisons test. # p < 0.1, * p < 0.05, ** p < 0.01, *™* p < 0.001, *** p < 0.0001. N.D. indicates
non-detectable.
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Figure 3.26 Cytokines production mDC stimulated with “CLP. The plots represent data obtained from
quintuplicate sample in independent test and the error bars represent 95% confidence interval of mean.
Statistical significance was evaluated by one-way ANOVA test followed by post-hoc testing using Tukey
multi comparisons test. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 3.27 Mean mRNA expression of various cytokines in DC at 8, 16 and 24 h after stimulation with
@GC| P or SIpB-*“CLP. The plots represent data obtained from triplicate sample in independent test and
the error bars represent standard deviation of mean. Statistical significance was evaluated by one-way
ANOVA test followed by post-hoc testing using Tukey multi comparisons test. # p < 0.1, * p< 0.05, ** p
<0.01, *** p < 0.001.
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3.3 Discussion

3.3.1 SIpB Enhances Endocytosis of Particles

In this chapter, I have shown that SlpB from Lv. brevis JCM 1059 is a ligand to Mincle
and DC-SIGN. In previous study, the incapability of Slp from Lwv. brevis to displace Slp from
L. acidophilus might be due to lower affinity of Slp from Lv. brevis to DC-SIGN compared to
SIpA from L. acidophilus. Although the receptors of SIpB can be found on both M® and DC,
i.e., Mincle on M® 33 and DC-SIGN on DC, the endocytic activity of DC enhanced by SlpB
was higher, probably due to the higher endocytic capacity of DC compared to M® 1971,

In addition, binding domains of SlpB to extracellular matrices and sugar were found in N-
terminal through amino acid sequence alignment (Figure 3.7). This observation is in align with
results obtained in prior studies that N-terminal of SlpBs could bind to both cell walll*3l and
fibronectin?!l. The result suggest that SlpB might be more advantageous than SlpAs from L.
acidophilus and L. helveticus (Group A Slps as shown in Figure 1.4) as ligand to target intestinal
APCs. The extracellular matrices binding domains of SIpA are located in N-terminal of SIpA,
while the cell wall binding domain is located in C-terminal, which resulted in unspecific delivery
of liposome to mucosal layer[392l With all the binding domain located in N-terminal which
is covered by crystalline array formed by self-assemble C-terminal, unspecific binding can be
reduced.

For the case of SlpB-LP, 60 min was required for SlpB to enhanced uptake of liposomes
into M® and DC. Two reasons might contributed to this phenomenon. Firstly, the density of
LP was small, thus time is required for LP to sediment to come into contact with both M®
and DC which attach to the bottom of cell culture plate. Secondly, 45 min might be required
for SIpB to activate certain pathway in DC to enhance endocytosis of liposome. Although the
detail mechanism was not investigated, I have shown that pre-incubation of SlpB with DC for 30
min and 60 min followed by LP for 60 min could significantly increase endocytosis of liposome
compared to DC without pre-incubation (Figure 3.17), which suggests that certain length of time
is required to activate DC by SlpB for enhanced endocytosis.

There are various pathway for a cell to endocytose particles which do not contain any cell-
targeting ligand. These pathways are mainly categorised by dynamin dependency. Dynamin
dependent pathway are usually more effective compared to dynamin independent pathway which

most of them depend on actin polymerisation, e.g., macropinocytosis and phagocytosis!?®l. Even
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for dynamin dependent pathway, endocytosis through some pathways, i.e., clathrin pathway
has lower efficiency compared to other pathways, particularly in non-phagocytic cells. Besides
these pathways, another pathway, i.e., caveolin-dependent pathway in which the substances are
transported into intercellular space via caveolael9%9 was not classified by dynamin-dependency
also involves in endocytosis. Studies conducted on various non-phagocytic cells showed that
particle size affects endocytosis of particles, e.g., caco-2 cells were found to endocytose liposome
up to 162.1 nm effectively, but not liposomes beyond this size!89. Investigation with antagonist
suggest that endocytosis of 97.8 nm and 162.1 nm liposomes are clathrin dependent; 72.3 nm
liposome depends on dynamin, clathrin, macropinocytosis and caveolar-mediated endocytosis;
while 40.6 nm liposome is dynamin dependent 8.

Although the mechanism was not investigated, I have shown that particle size of liposome
does not effect endocytosis of liposome by APCs. As shown in Figure 3.12, higher endocytic
activity was observed for LP with larger size, probably due to the sedimentation of liposomes in
medium, which have increased the probability of LP contacted to APCs membrane. On the other
hand, when the size are large enough for sedimentation, shorter time is required to significantly
increase phagocytosis of particles with smaller size. This phenomenon was observed in higher
endocytosis capacity of Lp. plantarum compared to microbeads.

[100] B coli is

Another useful carrier for delivery of proteins, small molecule and gene is E. coli
a robust chassis for molecular engineering, which can be used as a carrier for gene amplification
and overexpression of proteins. Furthermore, E. coli express LPS which can act as vaccine
adjuvant191 thus enhancing the effect of immunomodulation. Although E. coli can induce
phagocytosis by binding to scavenger receptor on M® 1921 and DC-SIGN on DC 193l if we could
enhanced phagocytosis of F. coli through SlpB-coating, and increase phagocytosis of E. coli, we
might be able to increase the therapeutic effect of drugs. For the case of DC, prior study has
shown that pre-treatment of DC-SIGN expressing cells with Slp from lactobacilli could reduce E.
coli infection!?!, which has suggested that the affinity of Slp-DC-SIGN binding is stronger than
LPS-DC-SIGN binding. Stronger binding affinity of SlpB to DC-SIGN has resulted in increased
endocytosis of SlpB-E. coli by APCs.

However, longer time was required to enhance endocytosis of microbeads and Lp. plantarum
by DC compared to liposome. Endocytosis of both microbeads and Lp. plantarum depends on

phagocytosis and macropinocytosis, while the endocytosis of liposome allow APCs to utilise all

endocytic pathways (Figure 3.22), which results in higher endocytic efficiency of LP compared
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to other carriers. As SlpB could improved the stability of liposome under various gut mimicking
environments, LP becomes more advantageous compared to other carriers for shorter time is
required to endocytose LP compared to other carriers due to the short resident time of carriers

in intestine (10 - 20 min m™! intestine).

3.3.2 Advantages of SIpB against Other Sips

In this chapter, I have shown that SlpB from Lv. brevis JCM 1059 is more advantageous

compared to other Slps for the following reasons:

1. As Lwv. brevis is non-pathogenic, SIpB is safe to be used in pharmaceutics.

[\)

. SlpB improved stability of LP in various gut mimicking environment.
3. SlpB attaches robustly on the surface of LP in gut environment.

4. SlpB binds to Mincle of M® and DC-SIGN of DC.

5. SlpB enhances endocytosis by M® and DC

These properties make SlpB an attractive ligand for intestinal APCs-targeting compared to

other proteins.

3.3.3 SIpB Induces Adjuvant Effect and Improves Therapeutic Effect

Various factors have contributed to the improvement of therapeutic effect of drugs to APCs.
Beside improved stability and targeted delivery of carriers, adjuvant effect of SlpB might have
improved the therapeutic effect of drugs delivered by SlpB-LP.

aGC is a sphingolipid discovered in marine sponges in Okinawa, Japan, Agelas maurita-

961 Tt consists of an acyl chain and a

nius1%4 in a screen for anti-tumour natural compounds
sphingosine chain connected via a-linkage to galactose head group (Figure 3.28). aGC binds
to major histocompatibility complex class I-related protein, cluster of differentiation (CD)1d of
antigen presenting cells. Particularly, hydrophobic acyl chain and sphingosine chain bind to A’-
and C’-pocket in CD1d antigen binding groove respectively. Then, galactose head is presented
to T cell receptor (TCR) on invariant natural killer T (iNKT) cells, forming a CD1d-aGC-TCR
complex. INKT cells are activated through antigen presentation by binding of galactose head
group to TCR, and various immune responses, which includes Ty1, Ty2, Tyl7, Tyeg responses

are induced. Copious amount of both regulatory, pro-inflammatory and anti-inflammatory cy-

tokines were released followed by transactivation of natural killer cells, T cells and other APCs.
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Thence, inducing various therapeutics effects, e.g., cancer treatment19-108 anergy 109 treat-
ment of autoimmune disease and virus infection*% and as adjuvant to vaccine for coronavirus

disease 19/111]

OH OH
Q
HO
Galactose H
a-linked
glycan head

Figure 3.28 Chemical structure of aGC.

As acyl and sphingosine chain of «GC are hydrophobic, they are incorporated in lipid mem-
brane of LP. «GC are incapable to bind to CD1d of APCs without lysing the liposomes through
endocytosis. Therefore, “SCLP does not act as ligand for drug delivery.

As Tyl polariser, *6CLP has induced Tyl responses, and production of pro-inflammatory
cytokines. The changes were detected in both ELISA and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). With SlpB-coating, production and expression of pro-
inflammatory cytokines, e.g., IL-12, TNF-«, and IL-6 were further enhanced either detected
by ELISA or RT-qPCR, which has suggested that SlpB could improve therapeutic effect of

immunomodulatory drugs through enhanced endocytosis and induction of adjuvant effect.

3.4 Summary

In this chapter, I have shown that SlpB-coating could enhance endocytosis of various types of
carriers, which include liposomes, solid microparticles, Gram-positive and Gram-negative bacte-
ria. Improved endocytosis originated from ligand-mediated endocytosis through specific interac-
tion between SlpB and C-type lectins, i.e., Mincle and DC-SIGN. The result of sequence analysis
suggested that SlpB possess sugar binding domain, which potentially interact with C-type lectins
via sugar moiety. SlpB could also up-regulate production of DC-SIGN, and potentially increase
membrane fluidity, which create a positive feedback loop to further increase endocytic activ-
ity. Furthermore, SlpB exhibit similar endocytosis-enhancing capability when compared to other
Slps while demonstrating higher robustness and specificity. These properties make SlpB a better
ligand compared to other Slps.

Furthermore, I have shown that SlpB could induce adjuvant effect in APCs. Synergy effect of
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both improved endocytosis and adjuvant effect have resulted in improved therapeutic effect. As
a proof of concept, *“CLP with and without SlpB-coating were used to stimulate APCs, and I
have demonstrated that SlpB-coating could enhance cytokines production by APCs by inducing
Tyl responses in M® and DC, while inducing T2 responses in mDC.

As SlpB could improve the stability of liposomes, which have diminished the disadvantages
of liposomes in relative to other carriers, it is preferential to use liposomes as carriers for oral
delivery, especially for immune targeting purpose, for (1) it can co-delivery hydrophilic and
hydrophobic drugs which is more preferential for delivery of immunomodulators, particularly,
co-delivery of drugs with adjuvant is possible, (2) shorter time is required for endocytosis of
liposomes compared to other carriers is advantageous for drug delivery to intestinal APCs as the
resident time of carriers in intestine is short, (3) higher amount of liposomes can be endocytosed
by APCs, particularly in DC compared to other carriers and finally (4) low immunogenicity of
bare liposomes results in milder adverse effect compared to other carriers. Particularly, when
anionic liposomes are used, low carrier toxicity can be achieved. Hereafter, my study will focus

on drug delivery based on SlpB-coated liposomes.
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Chapter 4

In vivo Uptake of Liposomes in Peyer’s Patches

Liposome is capable to deliver both hydrophobic and hydrophilic molecule, and exhibit low
toxicity and antigenicity, which render it an effective carrier for drug delivery, particularly for
the delivery of immunomodulating drugs.

In previous chapters, I have demonstrated that coating of liposomes with SlpB could improve
stability of liposomes against gut mimicking environment and enhance endocytosis by APCs.
Furthermore, higher endocytic capacity of liposomes compared to other types of carriers were
also demonstrated, which make liposomes an attractive drug carriers.

However, targeting of APCs in Peyer’s patches with liposomes have not been reported to
date, as liposomes are unstable against environment in GI tract.

Although I have shown that SlpB-coating enhanced stability and endocytosis of liposomes by
APCs in vitro, it is uncertain that whether these benefits can be transferred to in vivo system,
given that biological system is more complex than in wvitro system. Several factors, such as
pinocytosis of liposome by other cells, as well as degradation and clearance of liposome are
unpredictable by in wvitro system. Furthermore, it remained unknown whether LPs can cross
mucosal and epithelial barriers in intestine. Therefore, it is important to conduct in vivo study
to understand the effectiveness of SIpB-LP in targeting APCs in Peyer’s patches.

In this chapter, I will discuss delivery of SlpB-coated liposomes in vivo. The stability of
liposomes in vivo will be evaluated. Then, the distribution of liposomes in tissues related to oral
administration and route of uptake of liposome into APCs in Peyer’s patches will be investigated.
Finally, therapeutic effect induced by drug-loaded liposome will be assessed by measuring in situ

mRNA expression of cytokines in Peyer’s patches.

78



Chapter 4. In vivo Uptake of Liposomes in Peyer’s Patches

4.1 Methods

4.1.1 Conservation of Content Encapsulated in Liposomes

Theoretically, total fluorescence intensity of fluorophore encapsulated in liposome is conserved
if the fluorophore is stable against its environment. To verify the conservation of fluorescence in-
tensity, so to exploit this property in investigating the distribution of liposome, I have compared
the sum of fluorescence intensity originated from leaked fluorophore and fluorophore remained
encapsulated in liposomes after incubation in deionised water at 37°C for 60 min, to the fluores-

cence intensity from fluorophore encapsulated in liposome before incubation.

4.1.2 In vivo Stability of SlpB-Coated Liposome

Female BALB/c mice (12 weeks, 20 — 25 g, 20 mice, Charles River Strain obtained from
Jackson Laboratory Japan) fasted for 3 h were randomly grouped into 5 groups (n = 4 per
group). A group of mice was used as control, 2 groups were administered with 200 pul ©Y>pLP
and 2 groups were administered with SlpB-“Y>pLP (each contains 82.5 ng pLP, and 0.5% Cy5
from content in vial dissolved in tris buffered saline) via oral gavage. At 1 h and 3 h after
administration, the mice were euthanised. Blood, jejunum, ileum, and liver were immediately
isolated.

Cold PBS (-) were injected into both jejunum and ileum, and the luminal content in both
jejunum and ileum were collected. The flow through from jejunum and ileum were filled up
to equal volume with PBS (-), and the suspensions were allowed to sit on ice for 10 min to
allow sedimentation of solid particulate. Then, 1 ml supernatant was sampled and centrifuged
at 16,000 x g for 30 min within 20 min after sample collection. The supernatants were collected
into another tube, and the pellets were resuspended in 1 ml PBS (-). Fluorescence intensities
for both supernatant and suspension of pellet were measured, and the fraction of fluorescence
intensity of supernatant to pellet was calculated to evaluate leakage of Cy5 dye from liposome
(Equation 4.1).

F
Relative Leakage = —permatant (4.1)

Fpellet
where Fyypernatant 15 the fluorescence intensity of supernatant obtained from supernatant of in-
testinal content in PBS (-) after centrifugation, and Fpejet is the fluorescence intensity of pellet

obtained from supernatant of intestinal content in PBS (-).
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The bloods collected were allowed to sit at room temperature for at least 30 min for clotting.
Then, the blood samples were centrifuged at 9,200 x g to pellet the blood clot. 10 nl plasma was

diluted with 90 pl PBS (-), and the fluorescence intensity was measured.

4.1.3 Absorption of Liposomes into Intestine and Uptake into Peyer’s Patches

To investigate absorption of liposomes into intestine and uptake into Peyer’s patches, 2 frag-
ments of 5 mm intestines from jejunum and ileum without Peyer’s patches, 2 jejunal Peyer’s
patches and 2 ileal Peyer’s patches were isolated within 5 min of euthanisation. The samples
were lysed with 1% polyethylene glycol mono-p-isooctylphenyl ether solution with vortex and
vigorous shaking, followed by centrifugation at 5,000 x ¢ for 5 min. 0.2-volume of supernatants

were collected, and the fluorescence intensities were measured.

4.1.4 Availability of Dye in Liver

Livers were collected within 10 min of euthanisation of mice. Then, livers were lysed with
1% polyethylene glycol mono-p-isooctylphenyl ether solution with vortex and vigorous shaking,
followed by centrifugation at 5,000 x ¢ for 5 min. 0.2-volume of supernatants were collected. The
fluorescence intensities, and absorbance at 280 nm were measured. Absorbance at 280 nm from
1% polyethylene glycol mono-p-isooctylphenyl ether solution was subtracted from absorbance of

each sample, and the fluorescence intensity was normalised with absorbance.

4.1.5 Transcytosis of Liposome through M cells

BALB/c mice (female, 12 weeks, 20 — 25 g, 7 mice, Charles River Strain obtained from
Jackson Laboratory Japan) fasted for 3 h were randomly grouped into 2 groups (n = 3 per
group). A group of mice were administered with 200 pl FITC-OVALP and another group of mice
were administered with SIpB-FIT¢-OVALP (each contains 2 mg LP and 40 pg F'TCOVA) via oral
gavage. The remaining mouse was used as staining control. In this study, FI'TCOVA was used
instead of fluorescent dye to prevent false positive due to leakage and diffusion of dye into tissue
during fixing. Then, the mice were euthanised by cervical dislocation 60 min after administration
of liposomes. Intestines were isolated, washed with ice-cold PBS (-) to remove luminal content,
and fixed with ice-cold 3.7% formaldehyde and 0.8% methanol. Peyer’s patches were manually
identified and collected with a pair of curved scissors.

To prepare whole mount Peyer’s patches, mesenteric side of intestines were cut, and perme-

abilised with 0.1% polyethylene glycol mono-p-isooctylphenyl ether solution. Then, the Peyer’s

80



Chapter 4. In vivo Uptake of Liposomes in Peyer’s Patches

patches were washed for 3 times with PBS (-) followed by blocking with 3% BSA in PBS (-) for at
least 2 h. To identify mature M cells in Peyer’s patches, blocked Peyer’s patches were incubated
with rabbit Ab against mouse glycoprotein 2 (GP2) followed by DyLight™405-conjugated goat
Ab against rabbit IgG. The stained Peyer’s patches were mounted on glass and observed with

laser scanning microscope

4.1.6 Endocytosis of Liposome into Antigen-Presenting Cells

BALB/c mice (as in previous section) were administered with 200 pl “Y3OVALP or SlpB-
Cy3-OVALP (each contains 400 pg anionic liposome and 8 pg “Y3OVA) via oral gavage. Then,
the mice were euthanised by cervical dislocation 60 min after administration of liposome. The
intestines were isolated, washed with ice-cold PBS (-) to remove luminal content, and fixed with
ice-cold 3.7% formaldehyde and 0.8% methanol. To prepare cryosection, 2 Peyer’s patches were
collected from each intestine and perfused intensely in 30% sucrose solution before embedding
in optimal cutting temperature compound. Peyer’s patches were cut transversely through the
dome into 5 pm thick section and mounted on glass slides.

To distinguish APCs in Peyer’s patches, sections of Peyer’s patches were blocked, stained with
rabbit Ab against mouse CD23/FceRII, followed by DyLight™405-conjugated goat Ab against
rabbit IgG as described. CD23 is a receptor expressed mainly on APCs, i.e., naive B cells, M®,
and follicular DC. Thus, staining CD23 could identify APCs in Peyer’s patches. The stained

sections of Peyer’s patches were observed with fluorescence microscope.

4.1.7 Therapeutic Effect of SlpB-coated Drug Loaded Liposome

BALB/c mice (female, 9 weeks, 18 — 23 g, 9 mice, Charles River Strain obtained from Jackson
Laboratory Japan) fasted for 3 h were randomly grouped into 3 groups (n = 3 per group). Each
group of mice were administered with either 200 pl deionised water, *SCLP or SlpB-*GCLP
(contains 8 1l *GCLP) by oral gavage, respectively. Mice were euthanised by cervical dislocation
8 h after oral administration. The Peyer’s patches were isolated and snap frozen immediately.
Total RNA was extracted according to manufacturer’s protocol of Qiagen RNeasy mini kit with
materials listed in Appendix A. Quantity and quality of RNA was evaluated with NanoDrop
spectrophotometer. RNAs were reverse transcribed into cDNA with qPCR RT master mix. The
resulting cDNA was diluted 5-fold with nuclease-free water and mixed with primers listed in
Appendix A. The mixtures were incubated in a StepOne Real Time PCR system according

to the manufacturer’s instructions. The data obtained were normalised with mRNA expression
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level of GAPDH as housekeeping gene.

4.2 Result

4.2.1 Conservation of Content Encapsulated in Lipsomes

By comparing the fluorescence intensity, I have observed that the fluorescence intensity of
fluorophore encapsulated in liposome before incubation is equal to the sum of fluorescence in-
tensity from fluorophore remained encapsulated in liposome (pellet) and leaked fluorophore (su-

pernatant) (Figure 4.1).

4.2.2 Stability of SIpB-LP in vivo

Both drugs and liposomes are subjected to degradation by various enzymatic degradation,
mechanical stress, high salinity, and diverse pH environment in gut. Although I have shown that
SIpB could enhance stability of LP in vitro (Chapter 2), it remained unclear whether SlpB could
improve stability of LP in gut.

As shown in Figure 4.2, SlpB-coating has significantly reduced the leakage of fluorophore
from liposome regardless the length of time after administration. The leakage of fluorophore
from SlpB-LP was relatively constant at 1 h and 3 h, where the mean of ratio of fluorescence
intensity (RFI) detected were 3.7 and 4.0 respectively compared to 1.6 from control. On the
other hand, the leakage of fluorophore from LP was 5.4- and 6.1-fold higher than SlpB-LP at 1

h and 3 h respectively.
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Figure 4.1 Conservation of fluorescence intensity from fluorophore in whole sample. The sum of fluores-
cence intensity of supernatant and pellet after incubation (60 min) is equal to the fluorescence intensity
of sample before incubation (0 min). The plots represent data obtained from triplicate samples in inde-
pendent test and the error bars represent standard deviation of mean.
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Figure 4.2 SlpB-coating enhanced the stability of liposome in vivo. RFI obtained from fluorophore leaked
into environment to fluorophore remained encapsulated in liposome 1 h and 3 h after oral administration
of LP or SIpB-LP to mice. The plots represent data obtained from 4 biological replicates and 2 technical
replicates. The error bars represents 95% confidence intervals of mean. Statistical significance was
analysed with Mann-Whitney U test. ** p < 0.01, *** p < 0.001
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4.2.3 Distribution of SIpB-LP in Gut

By collecting both intestines (sans Peyer’s patches) and Peyer’s patches separately, we were
able to evaluate the distribution of LP and SlpB-LP in intestines and Peyer’s patches from
supernatant of tissue lysate. As shown in Figure 4.3 (a — b), SIpB-LP has been specifically
uptaken into Peyer’s patches, but not into intestine through villi, while most of the LP were
absorbed through villi. SlpB-coating has increased uptake of LP into Peyer’s patches by 3.6-fold
at 1 h, and 2.5-fold at 3 h; while reduced absorption into villi by 9.0-fold at 1 h, and 3.0-fold at
3 h.

Then, the availability of SlpB-LP in blood plasma and liver were traced. Orally administered
drugs must be transported into lymph or blood vessel to trigger systemic response. To understand
whether SlpB-coating could facilitate transportation of LP into systemic circulation, fluorescence
intensity from fluorophore contained in blood plasma was measured. SlpB-coating has increased
fluorescence intensity from fluorophore contained in blood by 1.7-fold at 1 h, 1.3-fold at 3 h
(Figure 4.3 (c)).

Furthermore, I have measured the fluorescence intensity in supernatant of lysate of liver
where drug metabolism takes place (Figure 4.3 (d)). Fluorescence intensity has been reduced by
2.5-fold at 1 h and 3 h when SlpB was coated on LP.

Interestingly, the absorption of fluorophores into Peyer’s patches is correlate to the availability
of fluorophores in blood plasma (Figure 4.4). The coefficient of correlation between the 2 param-
eters was 0.7. This result indicates that absorption of SIpB-LP could increases bioavailability of

drugs.
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Figure 4.3 Distribution of SIpB-LP in various tissues related to oral delivery. Availability of LP and SlpB-
LP in (a) intestines, (b) Peyer’s patches, (c) blood plasma and (d) liver of mice 1 h and 3 h after oral
administration. Each category contains 4 biological replicates. For intestines and Peyer’s patches, 2
technical replicates were prepared. The error bars represent 95% confidence interval of mean. Statisti-
cal significance was evaluated by Mann-Whitney U-test. * p < 0.05, *** p < 0.001.
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Figure 4.4 Relationship of concentration of fluorophores in Peyer’'s patches and blood plasma. (a)
Scatter plot of fluorescence intensity of fluorophore in Peyer’s patches against fluorescence intensity of
fluorophore in blood plasma. Linear regression was performed, and a linear curve was plotted. The
coefficient of correlation is 0.7. (b) lllustration of transportation of SIpB-LP in gut. SIpB-LP was trans-
ported by APCs in Peyer’s patches into blood vessels. Important components in illustration are labelled
in black, APC: antigen presenting cell; regions in illustration are labelled in blue, PP: Peyer’s patch, BV:

blood vessel.
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4.2.4 Transcytosis of Liposome through M cells

In vivo study was conducted to investigate the process of transcytosis of SlpB-LP through
follicle-associated epithelium (FAE) of Peyer’s patches, which resulted in high concentration of
fluorophore in Peyer’s patches.

Observation of whole-mount Peyer’s patches of mice administered with LP and SlpB-LP
shows that LPs were enclosed in GP2" mature M cells (Figure 4.5). This observation indicates
that liposomes were localised in mature M cells located at the higher region of Peyer’s patches.

To investigate the relative location of liposomes to M cells, i.e., whether liposomes were
attached on the surface of M cells or uptaken into M cells, 6 regions were randomly selected from
each micrograph in Figure 4.5 (a) and orthogonal views of z-stack micrographs were prepared
(Figure 4.5 (b - m)). The orthogonal views of micrographs show that all liposomes are located in
or below M cells, but not attached on the surface. This observation suggests that all liposomes
were either endocytosed or transcytosed by M cells. In fact, LP were removed from the surface
of tissue during fixing as methanol contained in fixing solution will dissolve lipid. Therefore, LPs
should not remain attached on the surface of Peyer’s patches.

Then, the RFI of liposome to GP2 was analysed to evaluate whether SlpB-coating could
enhance transcytosis of liposomes. Peyer’s patches were manually identified from micrographs
and gated (Appendix G.1). The MFI per pixel? of liposome and GP2 were analysed, and the
ratio was calculated. Then, RFI of liposome to GP2 were analysed statistically (Figure 4.5 (n)).
SlpB-coating has significantly increased uptake of liposome into M cells; which is potentially
facilitated by ligand-mediated endocytosis.

To support the result of statistical analysis, intensity of GP2 from both set of samples were
analysed (Figure 4.6 (a)). The intensity of GP2 from both set of samples are similar, which
suggests that SlpB did not bind to GP2, and signal intensity of GP2 can be used to normalise
signal intensity of LP. As comparison, DC-SIGN in Peyer’s patches were stained with rabbit Ab
against hDC-SIGN and Cy3-conjugated goat Ab against rabbit IgG as described, observed under
microscope and the intensity of DC-SIGN was analysed. Signal intensity of DC-SIGN reduced
significantly (Figure 4.6(b)) due to SlpB-blocking, which is in align with result obtained in in
vitro study (Figure 3.6), suggesting that DC-SIGN is not a suitable indicator to normalise signal
of LP and to label APCs in Peyer’s patches in this study.

Although I have shown that SlpB-coating could increase uptake of LP into M cells, it remained

unclear whether the LPs were trancytosed through M cells or endocytosed by M cells.
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Figure 4.5 SIpB enhanced transcytosis of liposome through M cells on Peyer’s patches. (a) Represen-
tative micrographs of whole mount Peyer’s patches. The scale bars are 50 um. (b - m) Orthogonal view
of z-stack micrographs of randomly-selected region in (a). Liposomes are gated with red line, and the
region of M cells are gated with white line. The scale bars are 5 pm. (n) Statistical analysis of the ratio
of fluorescence intensity of liposomes to GP2 in region gated with white line in (a) and Appendix G.1.
The plots represent data obtained from 3 biological replicates and the error bars represent standard
deviation of mean. Statistical significance was evaluated with Student’s t-test. ** p < 0.01.
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Figure 4.6 Signal intensity of GP2 and DC-SIGN from Peyer’s patches after administered with LP or
SlpB-LP. Signal intensity per pixel® of (a) GP2 and (b) DC-SIGN. The plots represent data obtained from
3 biological replicates and the error bars represent standard deviation of mean. Statistical significance
was evaluated with Student’s t-test. *** p < 0.001. ns indicates non-significant.
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4.2.5 Endocytosis of Liposome into Antigen-Presenting Cells

To answer whether liposomes were transcytosed through M cells or endocytosed by M cells,
and whether liposomes were delivered specifically to APCs, cryosection of Peyer’s patches were
prepared.

To reduce crosstalk and to match the dose of drugs to be administered in later section, 200 pl
Cy3-OVALP or SlpB-“Y3OVALP (each contains 400 pig anionic liposome and 8 pg “Y3OVA) were
used in this section. Fluorescence micrographs have shown that SlpB has facilitated transcytosis
of liposome into Peyer’s patches (Figure 4.7).

Delivery of liposome to region beneath FAE suggests that liposomes were transcytosed
through M cells, rather than endocytosed by M cells. Subepithelial dome (SED), intefollicu-
lar region (IFR) and germinal centre (GC) were identified and enlarged (Figure 4.7 (b - g)) to
investigate the translocation and antigen presentation by APCs in Peyer’s patches. Comparing
signal intensity of liposome in each region, I found that SlpB could enhance transcytosis of LP
into SED, and translocation of APCs with SlpB-LP to IFR and GC for antigen presentation.
Furthermore, unspecific endocytosis of liposome was also observed in Peyer’s patch of mice ad-
ministered with LP, while all liposomes were endocytosed specifically by CD23™ cells for SlpB-LP
(Figure 4.7 (a)), suggests that SlpB could target intestinal APCs.

Transcytosis of liposomes through M cells and into APCs in Peyer’s patches were further
analysed statistically. Peyer’s patches were manually identified and gated. Then, the signal
intensities of liposome and CD23 per pixel? in gated region (Appendix G.2) were analysed (Figure
4.7 (h - 1)). Higher intensity of liposome in Peyer’s patches of mice administered with SlpB-LP
compared to those administered with LP, suggests that SlpB has facilitated active transcytosis of
liposomes through M cells and into APCs. Moreover, similar intensity of CD23 in both Peyer’s
patches of mice administered with LP and SlpB-LP suggest that SlpB does not bind to CD23,
thus did not generate bias in staining, and the distribution of APCs in Peyer’s patches can be

correctly identified by CD23.
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Figure 4.7 Uptake of liposome into mice Peyer’s patches. (a) Representative micrographs of cryosec-
tions of Peyer’s patches. The scale bars are 100 um. (b - g) Regions correspond to SED, IFR and GC
were marked in (a) and enlarged. The scale bars are 10 um. (h) Statistical analysis of the intensity
of liposome in mice Peyer’s patches in Appendix G.2; (i) statistical analysis of the intensity of CD23 in
mice Peyer’s patches. Each category contains 3 biological replicates and 2 technical replicates. The
error bars represent 95% confidence interval of mean. Statistical significance was evaluated with Mann-
Whitney U-test. **: p < 0.01. ns indicates non-significant.
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4.2.6 Therapeutic Effect of SipB-coated Drug Loaded Liposome

So far, I have shown that SlpB has enhanced transcytosis of liposomes through M cells,
stimulated active delivery of liposomes into APCs in Peyer’s patches, and improved therapeutic
effect of «GC in in vivo study. In this section, I investigate whether enhanced transcytosis of LP
through M cells, endocytosis by APCs and antigen presentation will improved therapeutic effect
of drugs. All data pairs, except all data pairs in IL-10, control and SlpB-*SCLP for IFN-y, and
control and *GCLP for IL-17 are statistically different (Figure 4.8).

Compared to control group, *CCLP upregulated expression of IL-4 and IL-6; downregu-
lated expression of IL-5, IL-12 and IFN-y; while the expression of 1L-10, IL-17 and TNF-«
remained constant. For mice administered with SlpB-*SCLP, the expression of IL-6, IL-12, IFN-
v and TNF-« were upregulated; IL-4, IL-5 and IL-17 were downregulated, while IL-10 remained
constant. Compared to *6CLP, expression of pro-inflammatory cytokines, i.e., IL-12, IFN-y
and TNF-« were significantly increased, while no statistical significance was observed for anti-
inflammatory cytokines for mice administered with SlpB-*GCLP. This observation suggested that

SlpB could improved therapeutic of drugs in vivo

4.3 Discussion

4.3.1 Stability, Biodistribution and Endocytosis of SIpB-LP by Intestinal APCs

In this chapter, I have shown that SlpB could enhance the stability of liposome in gut, and
target APCs in Peyer’s patches. In gut, mechanical stress, enzymatic degradation, e.g., pepsin
hydrolysis, protease hydrolysis, lipase hydrolysis, constant changes in pH, and emulsification
could result in degradation of liposome. SlpB has formed a protective layer on the surface of
liposome, while rigidifying lipid membrane, which have increased the stability of LP in gut at 1
h and 3 h after oral administration.

Notably, evaluating the bioavailability of fluorophore in mice administered with LP showed
that only a trace amount of dye was absorbed into blood. By scaling up the fluorescence intensity
from in blood plasma to 0.5 ml (volume of plasma which can be obtained from 20 g mouse),
and calculating the RFI of fluorophore in blood plasma to fluorophore in liposome prepared,
I discovered that availability of fluorophore in blood plasma were 0.02% for mice administered
with LP at 1 h, 7.3% and 1.7% for mice administered with SIpB-LP at 1 h and 3 h respectively.

The fluorophore in blood of mice administered with LP for 3 h was below computation limit.
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Figure 4.8 mRNA expression of various cytokines in mice Peyer’s patches 8 h after administration with
@GCLP or SIpB-*“CLP. The plots represent data obtained from 3 biological replicates and the error bars
represent standard deviation of mean. Statistical significance was evaluated with one-way ANOVA test
followed by post-hoc testing using Tukey multi comparisons test. # p < 0.1, * p < 0.05. Dashed line
indicates the data pair has no statistical difference.
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Previous study suggested that Slp from L. helveticus binds to, and release the content of
liposome to mucosal layer of GI tract®®62 Although this approach is fascinating in vaccine
delivery, it does not enhance drug delivery to APCs in Peyer’s patches, and weak in inducing
systemic immune response. In this study, I discovered that the fluorescence intensity in intestines
for mice administered with SlpB-LP did not increase in comparison with control, which suggested
that SlpB-LP did not release its content in mucosal layer. This result might be due to the
existence of both extracellular matrix binding site!''?!, sugar-binding site and cell wall binding
domain at N-terminal for SlpBs (Figure 3.7). As the binding sites are covered with crystalline
array forming C-terminal, access of these binding sites to mucosal layer might be blocked, thus
reducing the interaction to mucosal layer. This result further confirmed that the orientation
of SIpB on LP is similar to those on bacterial surface. On the other hand, the mucin binding
site of Group A Slps was found to be localised at crystalline array forming N-terminal, which
is in opposite direction to cell wall binding domain at C-terminall2l. This property results in
unspecific binding of Slp to extracellular matrices, e.g., mucosal layer, which result in release of
drugs in mucosal layer.

For mice administered with LP, 2 reasons contributed to the increases in fluorescence intensity
in intestine. Without SlpB-coating, (1) unspecific uptake of LP occurred and (2) higher fraction
of LP degradation resulted in higher fraction of leaked fluorophore (Figure 4.2). As villi has
a larger surface layer to volume ratio, higher concentration of LP and leaked fluorophore were
absorbed into intestines through intestinal villi compared to Peyer’s patches (Figure 4.3(b)).

Interestingly, delivery through Peyer’s patches has increased the concentration of fluorophore
in blood plasma (Figure 4.3(c)). Concentration of fluorophore in Peyer’s patches is correlated
to concentration in blood plasma (Figure 4.4(a)), which suggest that delivery through Peyer’s
patches might be an important route for drugs delivery to systemic circulation (Figure 4.4(b)).
The increase in bioavailability of compound might be resulted from the capability to bypass
first pass elimination in liver (Figure 4.3(d)) via Peyer’s patches targeting. Comparing the
bioavailability of fluorophore for mice administered with LP to mice administered with SlpB-LP
at 1 h after administration shows that bioavailability of SlpB-LP was 427.6-fold higher than LP.

Peyer’s patches are the main and the most important lymphoid tissue in gut, which can
usually be found at the anti-mesenteric side of small intestine subepitheliall®l. They are the
largest lymphoid organs, which house more than 70% immunocytes in the body 3114l Peyer’s

patches are generally surrounded FAE, which separate the luminal microenvironment and gut
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associated lymphoid tissue.

In Peyer’s patches, microfold (M) cells are specialised cells distributed on higher region of
FAE!] which transport luminal antigens or bacteria to the underlying immunocytes for im-
munomodulation 19116:117 * For instance, prior study has shown that M cells are important to
transport bacteria and beads into Peyer’s patches with M cells deficient mice %, Furthermore, it
was also found that orally administered liposome are transcytosed into Peyer’s patches through
M cells!M.

Meanwhile, some commensal bacteria were found to be transcytosed through M cells by
ligand-receptors interaction: FimH" bacteria, e.g., E. coli and Salmonella enterica serovar Ty-

[118].

phimurium bind to glycoprotein 2 (GP2) Brucella abortus binds to cellular prion protein

(PrPC) 1) I acidophilus binds to uromodulin (Umod)[23; B;-integrin activated with Allograft

[120.121] * Ag a human-origin gut microbial

inflammation factor 1 (Aifl) binds to Yersinia spp.
cell, Lv. brevis JCM 1059 is subject to antigen sampling by APCs in gut. Thus, there must exist
a receptor which facilitate transcytosis of Lv. brevis through M cells. And this mechanism could
enhance transcytosis of SlpB-coated carriers through M cells, which results in increased uptake
of SlpB-LP into Peyer’s patches.

Various reasons have contributed to improved targeted delivery of SIpB-LP to APCs in Peyer’s
patches. Firstly, SIpB has improved stability of liposomes in gut environment (Figure 4.2), thus
more SIpB-LP are available in intestine compared to LP. Then, SlpB has enhanced transcytosis
of LP through M cells (Figure 4.5, 4.7). Although the mechanisms remain unknown, transcytosis
is potentially improved by ligand-receptor interaction. Specific endocytosis of LP by APCs has
also contributed to higher availability of LP in APCs in Peyer’s patches. Furthermore, adjuvant

effect of SlpB might have also contributed to enhanced translocation of APCs to, and antigen-

presentation of APCs in antigen presenting sites.

4.3.2 SipB-Coating Improved Therapeutics Effect of Drugs

In this study, I have shown that SlpB-LP could improve therapeutic effect of «GC in rela-
tive to *SCLP. RT-qPCR of extracted mouse Peyer’s patches was conducted because of difficult
detections of low level of cytokines in normal BALB/c mouse by ELISA methods. In previous
studies, systemic delivery of 5 pg «GC per mouse was able to induce detectable cytokine pro-
duction within 6-12 h1*22l. In C57BL /6 mice, increased cytokine production in serum and RNA

expression in Peyer’s patches and the spleen were detected within 6 h after administration with
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oGO P23 In the present study, induction of the production of various cytokines in Peyer’s

patches after oral administration of SlpB-*GCLP and *¢CLP were evaluated by RT-qPCR.

Prior studies have reported that intravenous injection of aGC into both mice*?4 and hu-
man 198l could increase the level of serum IL-12, IFN-y and TNF-a. Particularly, it was observed
that presentation of xGC to NKT cells rapidly activated NK cells after intravenous injection of
xGCI24 - Activation of NK cells thus induce tumour-killing activity of NK cells. Furthermore,
it was also found that NKT cells could produce IL-13 upon stimulation with a«GC[125],

In our study, expression of cytokines in Peyer’s patches of mice administered with SlpB-*GCLP
resembles serum cytokines level of subjects (both mice and human) with intravenous adminis-
tration of *GC, which suggests that targeting effect of SlpB has facilitate antigen presentation
of «GC to T cells, thus inducing similar response to intravenous administration of x GC. Ty1 re-
sponses induced by a«GC thus reduce the production of T2 cytokines, i.e., IL-4, IL-5 and IL-10.
On the other hand, increases in concentration of IFN-y as a result of upregulation, negatively
regulate production of IL-171126] thus downregulation of IL-17A.

Meanwhile, without SlpB-coating, LP was not delivered specifically to antigen-presenting
cells (Figure 4.7 (a)). Unspecific delivery of «GC results in undesired immunomodulation effect,
rendering the RNA expression level of cytokines less controllable.

SlpB-functionalisation has not only improved therapeutic effect of drugs, but also achieve
intravenous injection-like effect through oral administration, via APCs targeting. This advantage
toward therapeutic effect of drug is contributed by the synergy effect of (1) enhanced stability of
liposome, (2) enhanced transcytosis by M cells, (3) targeted delivery to liposome to APCs, (4)
enhanced endocytosis by APCs, (5) adjuvant effect of SlpB.

Further evaluations are required to evaluate the disadvantages of SlpB-coated carriers. SlpB
could form crystalline array on the surface of liposome, which could block the access of receptors
to drugs conjugated on the surface of liposome. Therefore, liposome loaded with these types
of drugs are unsuitable for SlpB-coating. Furthermore, lysis in lysosome might be required for
SlpB-LP due to its highly anionic property, which render it difficult to fuse with cell membrane.
Therefore, evaluation on the stability of drugs against lysozyme, particularly nucleic acid-based
drugs, might be required prior administration.

Despite there is no regulatory requirement to test preclinical toxicity of drug carriers, it is
important to study the potential adverse effect induced by endocytosis of high dose of drug car-

riers[127:128] - Some lipids, e.g., dioleoyl-3-trimethylammonium propane could induce oxidative
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stress and exhibit gene silencing effect 1291, which could alter the original state of cells if admin-
istered overdose. Furthermore, overdose of immunomodulating drugs will result in inflammation
or weakening of immune system, where careful investigations are required in dosimetry. On
the other hand, previous study has reported that oral administration of drugs might be a safer
route for drug administration compared to intravenous injection as oral administration will only
induce negligible toxicity. For instances, in spite 1 - 4 ng LPS kg™! body mass is the maximum
tolerated dose of LPS in human body through intravenous injection, 2 mg LPS kg™! body mass
administrated orally did not show production of free cytokines, nor induced any adverse effect,
even bioavailability of LPS in blood (2 - 4 pg) has already exceed lethal dose by 1000-fold 1301,
Thus, it suggested that the potential adverse effect of endocytosis of SlpB-coated carriers by
intestinal APCs might be lower than anticipation. In addition, with knowledge on bioavailability
of SlpB-coated carriers, it is possible to control the dose administered and reduce the odd of

inducing adverse effects.

4.4 Summary

In this chapter, I have demonstrated that SlpB-functionalisation can enhance transcytosis of
liposome through M cells into SED of Peyer’s patches and induce active endocytosis by APCs.

SlpB has improved the stability of LP in gut, and induced absorption specifically into Peyer’s
patches, but not intestine. Active absorption of SIpB-LP into Peyer’s patches was facilitated by
active transcytosis of SIpB-LP by M cells. In Peyer’s patches, active endocytosis of SlpB-LP by
APCs, i.e., MO and DC will activate translocation and antigen presentation by APCs. APCs
have transported SlpB-LP into blood vessels, which have elevated bioavailability of fluorophore.
Notably, absorption into Peyer’s patches is correlated to bioavailability.

Furthermore, synergy effect of (1) enhanced stability of liposome, (2) enhanced transcytosis by
M cells, (3) targeted delivery to liposome to APCs, (4) enhanced endocytosis by APCs, (5) adju-
vant effect of SlpB has improved therapeutic effect of X6CLP by SlpB-functionalisation. Increase
in production of Tyl cytokines suggested that SlpB-functionalisation has improved therapeutic
effect of drug. Moreover, effect resembling intravenous injection through oral administration was
obtained, suggesting that oral delivery of SlpB-functionalised carriers can potentially replace

drug administration via intravenous injection.
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Chapter 5
Mechanism of SlpB-DC Binding

In Chapter 3, I have shown that DC-SIGN and Mincle are receptors for SlpB. The results
obtained were in aligned with prior studies2933. However, how SlpB interact with these receptors
remained unknown.

The properties of SlpB receptors might provide hints to the mechanism of binding. Both
DC-SIGN and Mincle are C-type lectins, which bind to sugar moieties (Figure 5.1), but not
amino acids. Therefore, it is possible that SlpB is a glycoprotein, and C-types lectins interact
with sugar moiety in SlpB.

However, previous study have shown that SIpB from Lv. brevis is not glycosylated 2, which
contradict to the property of C-type lectins acting as receptors to SlpB. Since glycosylation was
detected in Slp from Lt. kefiri'31 which is Slp in Group B Slp, SlpB from Lv. brevis might
also be glycosylated.

In this chapter, I investigate the presence of sugar moiety in SlpB, and the mechanism of

binding of SlpB to C-type lectins.

5.1 Methods

5.1.1 Identification of Sugar in SIpB
Presence of sugar in SIpB (2.5 pg) was analysed with phenol-sulphuric acid method [132].

Then, SlpB was co-incubated with PNGase F for 24 h according to manufacturer’s instruc-

tions to remove N-glycan and analysed with SDS-PAGE and stained with silver.
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Figure 5.1 Sugar binding domain on SIpB receptors. (a) Interaction of tetramannose to carbohydrate
recognition domain (CRD) of DC-SIGN (PDB: 1SL4). (b) Interaction of trehalose to Mincle (PDB: 4KZV).
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5.1.2 Competitive Binding Assay for SlpB with Sugars

DC were fixed with 5% formalin solution and co-incubated with 100 pg ml!' D-glucose, D-
galactose, D-mannose or 10 mM EDTA for 60 min. Then, 10 pg ml't ¥5SIpB (molar ratio of
sugars to SlpB ~ 2,000:1) was supplemented® to DC and incubated for another 60 min. The

cells were washed thrice after incubation and the fluorescence intensity was measured.

5.1.3 In silico Analysis of Sugar-SIpB Interaction

As no crystal structure of Slp from lactobacilli has been solved, AlphaFold['33] was used to
predict the structure of N-terminal of SIpB. Then, geometry-based cavity detection algorithm was
used to detect pockets in N-terminal of SlpB, which the procedure includes a-sphere detection,
clustering and pocket characterisation were performed to identify the pockets available in N-
terminal of SlpB. Based on the result obtained from pocket identification, molecular dynamics
analysis was also conducted with grid-based method to identify the pocket formed generated by
molecular dynamics analysis.

Docking analysis was also performed to identify the potential region for mannose binding in

N-terminal of SlpB, which indicates the region in SlpB which contains sugars.

5.1.4 Trypsinisation of SIpB

Trypsin was supplemented to SlpB at mass ratio of 1 in 10 mM tris-HCI (pH 8.2) and
incubated in 37°C for 21 h. Then, the reaction was stopped by adding 0.1% trifluoroacetic acid

and freeze at -30°C.

5.1.5 Binding of SIpB Fragments to DC

Trypsinised SlpB was tuned to pH 7.0 and supplemented to DC. Trysinised SlpB, DC sup-
plemented with trypsin, and DC supplemented with trypsinised SlpB were incubated in 37.0°C
incubator for 60 min. After incubation, the supernatants were collected. To reduce noise gener-
ated by remaining of SlpB fragments in culture plate, DC was washed thrice and all the fluids
were collected.

Then, the samples were analysed by high performance liquid chromatography (HPLC) using
the following conditions: 100% solvent A for 2 min, increasing to 20% solvent B in solvent A

over 15 min, increasing to 45% solvent B in solvent A over 25 min, increasing to 100% solvent

* Sugars were not removed from the solution
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B over 5 min, 100% solvent B for 2 min, and decreasing to 0% solvent B (100% solvent A) in
1 min (solvent A: 0.1% trifluoroacetic acid in deionised water; solvent B: 0.1% trifluoroacetic
acid in acetonitrile). Signal intensity was measured with absorbance at 220 nm. All peaks were
manually collected when necessary.

The fragments which bind to DC were collected, and lyophilised. Then, these fragments were
stained with Cy5, and desalted with ZipTip C18.

The Cyb labelled fragments were co-incubated with DC at 37.0°C for 60 min, washed and

the fluorescence intensity was measured.

5.2 Results

5.2.1 Glycosylation of SIpB and Its Function in DC Interaction

To understand the mechanism of SIpB-C-type lectins interaction, it is important to confirm
whether sugar moiety exist in SlpB.

Concentration of sugar in glycoprotein can be quantified with phenol-sulphuric acid method [1321,
Therefore, by comparing the signal generated by SlpB to water in phenol-sulphuric acid assay,
we can verify the existence of sugar in SlpB.

By evaluating SlpB with phenol-sulphuric acid method, significant increase in absorbance at
490 nm was observed in SlpB compared to control (Figure 5.2 (a)). This result indicates that
SlpB contains polysaccharide chain, which support my assumption that SlpB contains sugar
moiety.

Furthermore, the presence of N-glycan in SlpB was confirmed with enzymatic reaction. After
PNGase F treatment, a band with apparent molecular mass of 48 kDa was observed. The
molecular mass of the band is similar to the molecular mass of SlpB computed based on amino
acid sequence, which suggested that the band was deglycosylated SlpB. The result confirmed
that SlpB is a glycoprotein which contain N-glycan.

To further investigate whether the sugar chains in SlpB involve in interaction with host cells,
competitive binding assay of SlpB with various types of monosaccharides was performed (Figure
5.3). D-mannose exhibited the strongest inhibitory activity, which has reduced the binding of
SlpB to DC by 2.6-fold, while D-galactose and D-glucose reduced binding by 2.3- and 2.0-fold
respectively. The inhibitory activity of D-glucose was similar to EDTA (2.0-fold), which is an
inhibitor for DC-SIGN binding activity.
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Figure 5.2 |dentification of sugars in SlpB. (a) Phenol-sulphuric acid method. The plots represent data
obtained from quintuplicate sample in independent test and the error bars represent 95% confidence
interval for mean. Statistical significance was evaluated with Student’s t-test. * p < 0.05. (b) SDS-PAGE

of (i) SlpB, (ii) PNGase F treated SlpB and (iii) PNGase F.
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Figure 5.3 Monosaccharides inhibit binding of SlpB to DC. The plots represent data obtained from
sextuplicate sample in independent test and the error bars represent 95% confidence interval for mean.
Statistical significance was evaluated with Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Sequence alignment of SIpB to carbohydrates binding domain (Figure 3.7) suggests that these
motifs are located in N-terminal of SlpB. Furthermore, computation of isoelectric point of each
terminal of SlpB shows that the isoelectric point of N-terminal of SIpB was high. These results
suggest that N-terminal of SlpB is responsible for binding to both host receptors and bacterial
cell wall, while C-terminal is responsible for formation of crystalline array.

Based on the result obtained in sequence alignment analysis (Figure 3.7), I have conducted
i silico analysis on structural relationship of mannose and N-terminal of SlpB. N-terminal was
used to reduce computation cost as I have already shown that N-terminal is the domain interacts
with and contains sugar (Figure 3.7).

As no crystal structure of Slp from lactobacilli has been solved, AlphaFold['33l was used to
predict the structure of N-terminal of SlpB, and the drug pockets were identified based on the
predicted model. 22 pockets were found in N-terminal. Among them, 5 pockets bind to mannose,
which is a ligand to DC-SIGN (Figure 5.4 (a - b)).

Mannose binds predominantly carbohydrates binding motifs as described in Figure 3.7.
Analysing small molecule binding capability of N-terminal of SlpB with grid-based method sug-
gested that the locations where mannose binds to, exhibits high small molecule binding capability
(Figure 5.4 (¢ - d)). As there are more than 1 binding sites at different locations in N-terminal
of SlpB, particularly, there are some mannose binding sites which are located opposite to each
other, i.e., regions indicate by (c¢) and (d) in Figure 5.4 (b), it is possible that part of these
small molecules binding sites bind to cell wall, while others bind to DC-SIGN through formation
of sugar complex. This result might explain the observation in previous study that the same
terminal of SlpBs binds to both cell wall and host. Furthermore, binding sites as shown in Figure
5.4 (d) is in align with the model proposed in previous study that multiple attachment points

exist for binding of Slp from Lv. brevis on cell wall and adsorb on liposome!%9].
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Figure 5.4 Predicted structure of N-terminal of SlpB and its sugar binding sites. (a) Predicted structure
of N-terminal of SlpB and mannose docking. N indicates N-terminal of protein, while C indicates C-
terminal of N-terminal of SlpB. (b) Enlarged image of gated region in (a) which shows the locations
which bind to high concentration of mannose. (c - d) Analysis of small molecule binding capability of the
region labelled in (b). Blue indicates low binding capability while red indicated high binding capability.
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5.2.2 Prediction of DC-Binding Fragments in SIpB

To verify the model proposed in previous section, trypsinised SlpB was co-incubated with
DC for 60 min, and the supernatant was retrieved and analysed with HPLC. The chromatogram
obtained was compared with control (Figure 5.5).

The peaks in region i has disappeared in chromatogram after co-incubating with DC, and
the intensity of peak 6 decreased by 2.0-fold, peak 7 decreased by 1.5-fold, peak 8 decreased
by 3.4-fold, peak 9 decreased by 1.5-fold, peak 10 by 2.1-fold, suggested that fragments of SlpB
contained in these fractions binds to DC.

On the other hand, no peak appeared in Figure 5.5 (¢), which suggested that the activity of
trypsin was completely inhibited, thus proteins on DC were not hydrolysed.

To confirm whether the fragments which bind to DC contain sugar moiety, all peaks in Figure
5.5 (a) were collected for further analysis. Fragment 1 - 5 (Figure 5.5 (a)) were stained with Cyb
and incubated with DC for 60 min to confirmed the result in chromatogram (Figure 5.6). MFI
of DC co-incubated with Fragment 1 - 4 increased significantly, while no change was observed

for DC co-incubated with Fragment 5, which indicates that Fragment 1 - 4 of SIpB bind to DC.
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Figure 5.5 Chromatograms which indicate fragments of SlpB binds to DC. Chromatogram of (a)
trypsinised SlpB, (b) trypsinised SIpB after co-incubation with DC, (c) DC co-incubated with trypsin.
Peaks 1 - 5 indicates fragments of SIpB used in cell binding assay. Region i (enclosed in grey dashed
line) and peaks 6 - 10 shows the fragments of SIpB which bind to DC.
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Figure 5.6 Binding assay of fragments of SIpB to DC. The plots represent data obtained from quin-
tuplicate sample in independent test and the error bars represent 95% confidence interval for mean.
Statistical significance was evaluated with Student’s t-test. ** p < 0.01, ™ p < 0.001.
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5.3 Discussion

Generally, there are 2 potential binding mechanisms of Slp to host receptors or extracellular
matrices, either through a single protein unit, or through crystalline array. For instances, al-
though it has been demonstrated that formation of crystalline array of CbsA from Lactobacillus
crispatus is important in collagen binding®%, a single unit of SIpA from L. acidophilus without
formation of crystalline array is enough for DC-SIGN binding 24/,

In Chapter 3, I have shown that SlpB can bind to DC-SIGN and Mincle without formation
of crystalline array. Thus, it suggests that formation of crystalline array is not necessary to
mediate SlpB interaction with host receptors. The hypothesis that SlpB is a glycoprotein was
tested, and sugar was identified in SlpB by phenol-sulphuric acid assay (Figure 5.2). Interaction
of SlpB to DC was interfered by monosaccharides (Figure 5.3). Furthermore, prior studies have
shown that DC-SIGN binds to sugar moiety, but not other components!*34137 Therefore, it
is necessary for SlpB to bind to DC-SIGN via sugar moiety. Meanwhile, SIpB forms crystalline
array with lattice constant of @« = 8.4 nm, § = 5.0 nm, v = 80°, covering N-terminal which
contains cell wall binding domain. Consider the size of DC-SIGN as tetramer, with diameter of
200 nm 38l DC-SIGN cannot penetrate the crystal lattice formed by SlpB. On the other hand,
N-glycan chain was found in SlpB, which is shown by deglycosylation of SlpB by PNGase F.
Based on both the knowledge in previous study and results obtained in this study, I have arrived
at the model that SlpB interact with DC-SIGN via formation of SlpB-polysaccharide-DC-SIGN
complex (Figure 5.7).

As discussed in Section 1.2, conserved N-terminal of SlpB is hydrophilic, particularly, the
sugar binding motifs as shown in Figure 3.7 are the fragments with highest hydrophilicity in
SlpB. The affinities of these fragments to C18 resin are the weakest, thus the retention time of
these fragments are the shortest. These properties of sugar binding domains of SlpB suggests
that peaks 1 - 4 might be sugar binding domains of SlpB, and these domains are the domains
which binds to DC (Figure 5.6). Besides, sugar binding motifs were also identified in N-terminal
of SlpB through in silico analyses (Figure 3.7, 5.7). The distribution of sugar binding domains
on N-terminal of SlpB suggests that it is possible for N-terminal of SlpB is responsible for both

cell wall binding and interaction with host receptors.
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Figure 5.7 Predicted model of SIpB/DC-SIGN interaction. DC-SIGN binds to the polysaccharide chain
which binds to the N-terminal of SIpB.

Table 5.1 Receptors on M cells and their ligands.

Receptors Ligands Ref
PrP¢ N-acetyl-3- D-glucosamin 139
diacetylchitobiose
Umod Man|oi-6|(Man|oi-3]-Man-O-ethyl 140
Aifl actin 120
calcium
GP2 FimH 118,141
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Characteristics of SIpB as glycoprotein also explain enhanced transcytosis of SlpB-LP through
M cells (Figure 4.6). Table 5.1 summarises the ligands to receptors on M cells. Among these
receptors, Umod is a lectin which could bind to diacetylchitobiose and Man|et;_¢](Man|o¢;-3]-Man-
O-ethyl. Like DC-SIGN and Mincle, Umod potentially interact with SlpB through mannose, and
facilitated transcytosis of liposome into Peyer’s patches. This is supported by prior study which
have shown that SIpA from L. acidophilus could bind to Umod and facilitate transcytosis of L.

acidophilus 3.

5.4 Summary

In this chapter, I have investigated the mechanism of SlpB-DC interaction. Sugar moiety was
discovered in SlpB by phenol-sulphuric method. Treatment of SlpB with PNGase F revealed that
the sugar on SlpB was N-glycan. As sugar is the only ligand discovered for DC-SIGN to date,
N-glycan attached on SlpB supposed to involve in SlpB-DC interaction. Moreover, I have also
shown that sugar will inhibit binding of SlpB to DC, which is in align with our understanding
about the function of DC-SIGN and suggested that sugar is important in mediating SlpB-binding
to DC. 4 fragments of SIpB were identified to exhibit binding activity to DC, and these fragments

are potentially sugar binding domains in SlpB based on their high hydrophilicity.
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Chapter 6

Conclusion and Future Prospect

6.1 Summary and Discussion

In this dissertation, I have investigated the potential of SIpB-LP to target intestinal APCs.

In Chapter 2, I have characterised the property of SlpB-coated liposomes. SlpB from Lu.
brevis JCM 1059 can be coated on the surface of liposomes and form a single layer on the outer
surface of liposomes regardless of size and polydispersity. SlpB-coating reduced ( potential of
anionic liposomes, thus, increased colloid stability of liposomes. Moreover, I have also demon-
strated that SlpB can be coated on various commonly used drug carriers, e.g., microbeads and
bacteria, which could expand the repertoire of SlpB-coated carriers for intestinal APCs-targeting.
Stability of liposomes is a major concern which have limited the application of liposome as car-
rier for oral delivery. It is important for liposome to protect and to retain its content to achieve
specific delivery at correct dose. This is particularly difficult for liposomes in gut where con-
stant and rapid changes of pH, mechanical stress and enzymatic degradation take place. I have
demonstrated that SlpB could improve stability of liposomes against various gut mimicking en-
vironments. The effect of SIpB to improve stability of liposomes is particularly distinctive in
high pH, gall solution and SIF.

In Chapter 3, the targeting effect of SIpB to enhance endocytosis of drug carriers by APCs was
discussed. SlpB binds to C-type lectins, e.g., DC-SIGN and Mincle. Ligand-receptor interaction
induced by SlpB has enhanced endocytosis of liposomes, microbeads, Gram-positive and Gram-
negative bacteria by both M® and DC. The enhancing effect on endocytosis by APCs was similar
to SlpAs. However, as SlpAs could bind to mucosal layer in gut, rendering them unsuitable for
APCs targeting, SIpB is a more promising ligand compared to SIpA. The potential mechanism of
SlpB-induced endocytosis was also investigated in DC. SlpB could activate DC, and induce rapid
internalisation of particles, which potentially resulted in increased endocytic capacity of particles

by DC. Besides improving stability and enhanced endocytosis of liposomes, I have shown that

110



Chapter 6. Conclusion and Future Prospect

SlpB possess adjuvant effect which could improve the therapeutic effect of drugs. With a Tyl
polariser, xGC as model drug, I have shown that SlpB could improve therapeutic effect of drugs
measured by ELISA and RT-qPCR. Both production and expression of anti-tumour cytokines
were increased.

Chapter 4 discussed the capability of SlpB to improve stability of liposome and its capability
to target intestinal APCs in vivo. SlpB-coating has improved the stability of liposome by 5.4-
and 6.1-fold at 1 h and 3 h administration, respectively. Unlike SlpAs, SlpB did not result
in retention of liposomes in mucosal layer. SlpB-functionalisation has induced specific uptake
into APCs in Peyer’s patches by transcytosis through M cells and ligand-mediated endocytosis
by APCs. Besides, SlpB-functionalisation has also promoted antigen presentation by APCs in
Peyer’s patches. Through this route of administration, bioavailability defined as availability of
drugs in blood has been improved from 0.02% to 7.3%, which is 427.6-fold higher by SlpB-coating.
Furthermore, the retention of drugs in blood has also been lengthen. 1.7% of fluorophore can still
be detected in blood at 3 h after administration, while it was undetectable in mice administered
with LP. Then, the effect of SIpB on therapeutic effect of drug-loaded liposome was discussed. In
in vivo study, orally administered SlpB-functionalised liposome could induce therapeutic effect
similar to intravenous injection, which suggest that oral delivery of drugs loaded in SlpB-LP
could potentially replace intravenous injection or dripping.

In Chapter 5, I have investigated mechanisms underlie SlpB-DC interaction. I have discov-
ered that SlpB is a glycoprotein, in contrast ot previous studies. By comparing chromatogram
of trypsinised SlpB before and after co-incubation with DC, I have identified the DC-binding
fragments in SlpB. Further verification suggests that these fragments are the specific fragments
which are responsible in DC interaction, and they are potentially sugar binding domains in SlpB.

Assembling the data obtained from all chapters in this dissertation reveal the mechanism of
SlpB-lipid and SlpB-DC interaction, and SlpB-enhanced endocytosis (Figure 6.1). As SlpB can
be extracted by chaotropic agent, i.e., 5 M LiCl solution, the binding of SIpB should be mediated
by electrostatic charge and van der Waals force of attraction. Analysing the isoelectric point of N-
terminal and C-terminal of SlpB has shown that isoelectric point of N-terminal of SlpB was 9.87,
while C-terminal was 5.42 (Section 2.3.1), which suggested that binding via electrostatic force is
mediated through N-terminal of SIpB and anionic substrate on liposome. As calcium ion exists
in the mannose binding pocket of DC-SIGN 2l and it involves in DC-SIGN-mannose binding,

which is demonstrated in Figure 5.3 that chelating calcium ion with EDTA could inhibit SlpB-
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binding, mannose binding pocket of DC-SIGN must be positively-charged. Positively-charged
pocket of carbohydrate binding domain (CRD) of DC-SIGN attract negatively-charged SlpB-LP
(Figure 2.2), followed by formation of bond between hydroxy group on mannose of N-glycan of
SIpB to CRD of DC-SIGN possibly via calcium ion'#3l. SIpB-DC-SIGN binding results in ligand
mediated endocytosis, and the phagosome and pinosome which contain SlpB-LP will develop into
lysosome to lyse SIpB-LP and release the drugs encapsulated in it.

Throughout this study, I have delivered hydrophobic and hydrophilic molecules, small molecules
and macromolecules to APCs with SlpB-LP. SlpB has protected these molecules against harsh
gut environments, without which these molecules will be degraded before arriving at target site.
Furthermore, targeted delivery has also been achieved. Synergy effect of these properties and
adjuvant effect provided by SlpB has improved therapeutic effects of drugs. These results have

shown that SlpB is a promising ligand to target intestinal APCs compared to other ligands.

6.2 Future Prospects and Applications

In this study, I have demonstrated that SlpB-functionlisation could improved stability of
liposomes, facilitated transcytosis through M cells, induced and enhanced specific endocytosis
into APCs, followed by increased bioavailability in blood. Furthermore, when SlpB-functionalised
drug-loaded liposome was delivered, in situ mRNA expression of cytokines-related genes were
upregulated in Peyer’s patches. These results suggested that SlpB is a useful ligand for intestinal

APCs targeting via oral delivery.
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Figure 6.1 Function of charge in SlpB-lipid interaction and SlpB-DC interaction, and mechanism of

endocytosis.
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However, several questions remained to be answered in this study to better understand the
process of delivery. First, the interaction of M cells with SlpB have to be investigated to under-
stand how SlpB could boost transcytosis of particles through M cells. Previous study has shown
that M cells interact with bacterial surface components via GP2, PrPC (binds to N-acetyl-p-D-
glucosamin ['39), Umod (binds to diacetylchitobiose and Man|ot;_g](Man|a;_3]-Man-O-ethyl [140])
or Aifl (binds to actin and calcium). Previous study have shown that SlpA from L. acidophilus
could bind to Umod and facilitate transcytosis of L. acidophilus!?®l, while bare particles, e.g.,
microbeads and Lacticaseibacillus rhomnosus bind to secretory IgA, followed by IgA receptors on
M cells!*%144] In Chapter 4, T have shown that SlpB did not bind to GP2 of M cells as the signal
intensity originated from GP2 was conserved. Based on the properties of other receptors found on
the surface of M cells, Umod is a candidate which involve in transcytosis of SlpB-functionalised
particles. Previous study has shown that diacetylchitobiose and Man|o;_g](Man|x;-3]-Man-O-
ethyl but not other saccharides could inhibit binding of TNF to Umod!'% suggesting that
Umod interacts via sugar moiety. This property hints that SlpB potentially binds to Umod via
mannose.

Another question to be clarified is the crystalline array formed on the surface of liposome.
The crystalline array of SlpB formed on native Lv. brevis surface has lattice constant of a« = 8.4
nm, S = 5.0 nm, v = 80°. However, the lattice structure of SlpB crystalline array formed on the
surface of anionic liposome remained unclear. Based on the physicochemical property measured,
e.g., ¢ potential and thickness, I have deduced that a single layer of SlpB with lattice constant
similar to the structure on native bacterial surface has formed on liposome. Yet, a direct evidence
measured by atomic force microscope or small angle X-ray scattering is required to determine
the exact lattice constant of SlpB crystalline array formed on the surface of anionic liposome.

Furthermore, detailed analysis of the sequence and property of polysaccharide chain in SlpB
N-terminal has to be performed to understand the function of polysaccharide chain in biological
function of SlpB, i.e., understanding the origin of adjuvant effect of SlpB and how SlpB has
facilitated uptake of particles.

On the other hand, the adverse effect of SIlpB-LP has not been investigated. To deploy SlpB-
LP into clinical trial, it is important to investigate the potential adverse effect of SlpB-LP in
drug delivery, e.g., overstimulation of intestinal APCs with drug-loaded SlpB-LP.

As M cells and APCs exist in other tissue, e.g., eyel145]. thus, with further evaluation of the

mechanism of delivery of SlpB-LP, this system could be employed to target ocular APCs.
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Chapter 6. Conclusion and Future Prospect

Despite of the unanswered question, I have demonstrated that SlpB-functionalisation could
improved delivery of carriers which have encapsulated hydrophobic, hydrophilic, small and
macromolecule to APCs in Peyer’s patches. Targeting of APCs with drugs-loaded SlpB-LP
has enhanced therapeutic effect of drugs, and induced effect similar to intravenous injection.
Bioavailability and retention were also boosted by SlpB-functionalisation, which has provided a
useful tools for oral delivery of vaccines, immunomodulatory drugs for various purposes, phar-

maceutics, e.g., insulin and nutraceutical products.
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Appendix A

Materials and Apparatus

A.1 Materials

Materials Manufacturer Origin Grade or Cat #
RPMI 1640 medium Nacalai Tesque Kyoto, Japan 30264-56
Fetal bovine serum BioWest Spain

Fetal bovine serum BioWest EU S1400-500
Dulbecco’s phosphate buffered saline (-) Nacalai Tesque Kyoto, Japan 14249-95
Phorbol 12-myristate 13-acetate AdipoGen Liestal, Switzerland AG-CN2-0010
Recombinant human IL-4 PeproTech California, USA AF-200-04
Recombinant human IFN-y Peprotech California, USA AF-300-02
Cytochalasin D Cayman Michigan, USA 11330
0.5% trypan blue solution Nacalai Tesque Kyoto, Japan 29853-34
2.5 g I'! trypsin with 1 mM EDTA Nacalai Tesque Kyoto, Japan 32777-15
Dimethyl sulphoxide Nacalai Tesque Kyoto, Japan 08904-85
Difco™ MRS broth powder Becton Dickinson Maryland, USA 288130
Liposomal KRN7000 Regimmune California, USA RGI-2001-P
Anionic liposome Nippon Oil & Fats Japan EL-01-A
Anionic liposome Nippon Fine Chemical Japan PPG-1
Human IL-6 ELISA kit Biolegend California, USA 430504
Human IL-10 ELISA kit Biolegend California, USA 430604
Human IL-17A ELISA kit Biolegend California, USA 433914
Human IL-12/1L-23 (p40) ELISA kit R&D Systems Minnesota, USA DY 1240
Substrate solution R&D Systems Minnesota, USA DY999
Sulphuric acid Nacalai Tesque Kyoto, Japan 32519-95
Normal goat serum Jackson ImmunoResearch Pennsylvania, USA 005-000-001
LAL Endotoxin Assay Kit GenScript New Jersey, USA L00350C
Propidium iodide MP Biomedicals Ilkirch, France 195458
Fluorescein isothiocyanate ICN Biomedicals Ohio, USA 100276
4’ 6-diamidino-2-phenylindole Wako Osaka, Japan 049-18801
Cy™3 monofunctional reactive dye GE Healthcare Buckinghamshire, UK Q13108
Cy™5 monofunctional reactive dye GE Healthcare Buckinghamshire, UK Q15108
Carboxyfluorescein diacetate Anaspec California, USA AS-89000
Bovine serum albumin Nacalai Tesque Kyoto, Japan 01862-87
Ovalbumin Fujifilm Wako Osaka, Japan 018-09882
FITC-conjugated ovalbumin Invitrogen Oregon, USA 023020
Protein assay CBB solution Nacalai Tesque Kyoto, Japan 29449-15
DNase I Nippon Gene Toyama, Japan 314-08071
Buffer RLT Qiagen Hilden, Germany 79216
Buffer RW1 Qiagen Hilden, Germany 1053394
Buffer RPE Qiagen Hilden, Germany 1018013
70% ethanol Wako Osaka, Japan 059-07895
5x RT master mix Toyobo Osaka, Japan FSQ-201
THUNDERBIRD® SYBR® ¢PCR mix Toyobo Osaka, Japan QPS-201
RNase quiet Nacalai Tesque Kyoto, Japan 09147-14
O.C.T. compound SakuraTek California, USA 4583
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Materials Manufacturer Origin Grade or Cat #
Protein marker (Broad) Takara Shiga, Japan 3452
Protein marker (Tri-colour) Nacalai Tesque Kyoto, Japan 19593-25
Ammonium persulphate Wako Osaka, Japan 016-08021
Coomassie brilliant blue R-250 Nacalai Tesque Kyoto, Japan S09408-52
CBB R-250 destaining solution Bio-Rad USA 1610438
30% acrylamide/bis mixed solution Nacalai Tesque Kyoto, Japan 06141-35
N,N,N’ N’-tetramethylethylenediamine Nacalai Tesque Kyoto, Japan 33401-72
Trisaminomethane Nacalai Tesque Kyoto, Japan 35434-21
Sodium dodecyl sulphate Nacalai Tesque Kyoto, Japan 31607-65
-mercaptoethanol Nacalai Tesque Kyoto, Japan 21438-82
Sucrose Wako Osaka, Japan 196-00015
Bromophenol blue Kanto Chemical Tokyo, Japan 04319-30
Glycine Nacalai Tesque Kyoto, Japan 17109-35
Methanol Nacalai Tesque Kyoto, Japan 21914-03
Acetic acid Nacalai Tesque Kyoto, Japan 00211-95
Glycerol Nacalai Tesque Kyoto, Japan 17018-25
Gelatin Kanto Chemical Tokyo, Japan 17009-01
Ethylenediaminetetraacetic acid Nacalai Tesque Kyoto, Japan 15130-95
Hydrochloric acid Fujifilm Wako Osaka, Japan 080-01066
Boric acid Wako Osaka, Japan 021-02195
Trifluoroacetic acid Nacalai Tesque Kyoto, Japan 34831-12
Acetonitrile Nacalai Tesque Kyoto, Japan 00430-83
Silver stain kit Kanto Chemical Tokyo, Japan N/A
Sodium chloride Fujifilm Wako Osaka, Japan 191-01665
Monopotassium phosphate Nacalai Tesque Kyoto, Japan 28721-55
Disodium phosphate Nacalai Tesque Kyoto, Japan 31738-55
Potassium chloride Wako Osaka, Japan 28513-85
Sodium bicarbonate Wako Osaka, Japan 191-01305
Sodium carbonate ‘Wako Osaka, Japan 199-01585
Sodium hydroxide Wako Osaka, Japan 198-13765
D-glucose ‘Wako Osaka, Japan 041-00595
D-mannose Nacalai Tesque Kyoto, Japan 21306-02
D-galactose Nacalai Tesque Kyoto, Japan 16511-75
Gall powder Wako Osaka, Japan 073-00092
Lithium chloride Nacalai Tesque Kyoto, Japan 20623-85
Silver nitrate Nacalai Tesque Kyoto, Japan 31019-17
Sodium thiosulphate pentahydrate Kanto Chemical Tokyo, Japan 37295-00
Sodium azide Wako Osaka, Japan 195-11092
Formaldehyde Nacalai Tesque Kyoto, Japan 16222-65
Polyethylene glycol mono-p-isooctylphenyl ether Nacalai Tesque Kyoto, Japan 12967-32
Polyoxyethylene sorbitan monolaurate Nacalai Tesque Kyoto, Japan 35624-15
Buffer solution standard (pH 4.01) Wako Osaka, Japan 028-03185
Buffer solution standard (pH 6.86) Wako Osaka, Japan 025-03195
Buffer solution standard (pH 9.18) Wako Osaka, Japan 028-03205
Lipopolysaccharide Fujifilm Wako Osaka, Japan 120-05131
Mouse mAb against hDC-SIGN Santa Cruz California, USA sc-23926
Rabbit pAb against hDC-SIGN Novus Colorado, USA NBP2-27408
Mouse mAb against hMincle NKMax Gyeonggi-do, Korea ATGAO0175
Goat pAb against mIgG-FITC Sigma Mexico F0257
Cy3-conjugated goat pAb against rIgG Novus Colorado, USA NB120-6939
DyLight405-conjugated goat pAb against rIgG Rockland Pennsylvania, USA 611-146-002
Rabbit mAb against mCD23 Novus Colorado, USA NBP2-90682
Rabbit pAb against mGP2 EpiGentek New York, USA A67678
TPCK-treated trypsin Worthington New Jersey, USA LS003740

2 The full name of Wako is Wako Pure Chemical.
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Materials Manufacturer Origin Cat #
100 mm tissue culture dish Thermo Scientific Korea 130182
24 well tissue culture plate TPP Switzerland 92024

96 well tissue culture plate True Line USA TR5003
96 well Nunc-Immuno™ plate Thermo Scientific Denmark 430341
96 well plate As-One China 2-8085-02
0.025 pm nitrocellulose membrane filter Merck Millipore Cork, Ireland VSWP02500
0.22 pm PVDF syringe filter Merck Millipore Cork, Ireland SLGV033RB
10K centrifugal filter Merck Millipore Cork, Ireland UFC501024
Parafilm® M Bemis Company Wisconsin, USA P7668
Dialysis tube As-One Japan 2-316-02
Filter column Favorgen Japan FAFTC-C50
Total RNA extraction column Favorgen Japan FARBC-C50
C1g column (5 pm) Waters Ireland 186003116
ZipTip Cis Millipore Cork, Ireland ZTC185096
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A.2 Apparatus

Apparatus Manufacturer Model Origin
Electronic balance Shimadzu UW1020H Kyoto, Japan
Analytical balance AND GR-202 Japan
Copper alloy CO2 incubator Sanyo MCO-20AIC Japan

NanoDrop spectrophotometer
UV /Vis microplate reader
Microplate reader

Flow cytometer

Fluorescent microscope
Fluorescent microscope

Laser scanning microscope
Microplate mixer

Table-top centrifuge

Angular rotor

Centrifuge

Angular rotor

Centrifugal vaporiser
Fluorescent image analyser
Vertical gel tank
Electrophoresis power unit
Incubator

Bio-photorecorder
Biirker-Tiirk haemocytometer
pH meter

Mini-rotator

Scanner

Low temperature incubator
Low speed centrifuge
Swinging bucket rotor
Cryostat

Real Time PCR system
Nanoparticle analyser
Transmission electron microscope

ThermoFisher Scientific
Thermo Scientific
BioRad
Sony
Bio-Rad
Carl Zeiss
Carl Zeiss
As-One
Kubota
Kubota
Kubota
Kubota
EYELA
GE Healthcare
ATTO
ATTO
As-One
Advantec
Hirschmann EM Technicolor
Horiba Scientific
As-One
Epson
Mitsubishi Electric
Tomy
Tomy
Leica
Applied Biosystems
Horiba
Hitachi

NanoDrop 2000
Varioskan™ LUX
iMark
EC800
ZOE
Axio Observer
LSM 780
NS-P
3520
MA-2024
3740
AF5004CH
CVE-100
Typhoon FLA 9500
AE-6500
WSE-3100
IC-300A
TVS062CA
8100102
Laqua F-71
ACR-100
EW-M630TB
SLC-A
LC-122
7115-08 in TS-7
CM3050
StepOne™
SZ-100V2
H-8100

Shanghai, P. R. China
Vantaa, Finland
Japan
Tokyo, Japan
Singapore
Germany
Germany
Japan
Tokyo, Japan
Tokyo, Japan
Tokyo, Japan
Tokyo, Japan
Tokyo, Japan
Uppsala, Sweden
Tokyo, Japan
Tokyo, Japan
Japan
Japan
Eberstadt, Germany
Kyoto, Japan
Japan
P. R. China
Japan
Japan
Japan
Germany
Singapore
Japan
Japan
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A.3 Primers for RT-qPCR

All the primers used in this study were obtained from Integrated DNA Technologies.

Target Sequence
Homo sapiens
IFN-y Sense GGA CCC ATA TGT AAA AGA AGC AGA
Anti-sense TCT CAC TCT CCT CTT TCC AAT TCT
L2 Sense ATG TAC AGG ATG CAA CTC CTIG TCT T
Anti-sense GTT AGT GTT GAG ATG ATG CTT TGA C
4 Sense AGC CTC ACA GAG CAG AAG ACT CTG
Anti-sense CAG CCC TGC AGA AGG TTT CCT TCT C
-5 Sense GCT TCT GCA TTT GAG TTT GCT AGC T
Anti-sense TGG CCG TCA ATG TAT TTC TTT ATT AAG
-6 Sense ACT CAC CTC TTC AGA ACG AAT TG
Anti-sense CCA TCT TTG GAA GGT TCA GGT TG
10 Sense CTT CGA GAT CTC CGA GAT GCC TTC
Anti-sense GGA TCA TCT CAG ACA AGG CTIT GGC
.12 Sense CCT GCT GGT GGC TGA CGA CAA T
Anti-sense CTT CAG CTG CAA GTT CTT GGG T
.17 Sense CTC CAG AAG GCC CTC AGA CTA C
Anti-sense GGG TCT TCA TTG CGG TGG
TNF-« Sense CCT CTC TCT AAT CAG CCC TCT G
Anti-sense GAG GAC CTG GGA GTA GAT GAG
B-actin Sense TGG CAC CCA GCA CAA TGA A
Anti-sense CTA AGT CAT AGT CCG CCT AGA AGC A
Mus musculus
GAPDH Sgnse CAT CAC TGC CAC CCA GAA GAC TG
Anti-sense ATG CCA GTG AGC TTIC CCG TTC AG
IFN-y Sense CAG CAA CAG CAA GGC GAA AAA GG
Anti-sense TTT CCG CTT CCT GAG GCT GGA T
L4 Sense ATC ATC GGC ATT TTG AAC GAG GTC
Anti-sense ACC TTG GAA GCC CTA CAG ACG A
L5 Sense GAT GAG GCT TCC TGT CCC TAC T
Anti-sense TGA CAG GTT TTG GAA TAG CAT TIC C
-6 Sense TAC CAC TTC ACA AGT CGG AGG C
Anti-sense CTG CAA GTG CAT CAT CGT TGT TC
IL-10 Sense CGG GAA GAC AAT AAC TGC ACC C
Anti-sense CGG TTA GCA GTA TGT TGT CCA GC
.12 Sense GGA AGC ACG GCA GCA GAA TAA
Anti-sense CTT GAG GGA GAA GTA GGA ATG
MLo17A Sense CAG ACT ACC TCA ACC GTT CCA C
Anti-sense TCC AGC TTT CCC TCC GCA TTG A
TNF-« Sense GGT GCC TAT GTC TCA GCC TICT T
Anti-sense GCC ATA GAA CTG ATG AGA GGG AG
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Appendix B
Gradient Extraction from Lv. brevis JCM 1059

Gradient extraction from Lv. brevis JCM 1059 was performed with 1 M to 5 M LiCl solution
and the product of each extract was confirmed with SDS-PAGE (Figure B.1). Although impuri-
ties can be found when extraction was performed with 2 - 4 M LiCl solution, thick bands at 52
kDa were also observed (Figure B.1 (b - d)). Furthermore, increase in band intensity at 52 kDa
with increasing concentration of LiCl shows that higher concentration of LiCl increase extraction
efficiency of SlpB. To reduce the loss of SIpB while removing impurities, in this dissertation, im-
purities were removed by washing Lv. brevis JCM 1059 twice with 1 M LiCl solution, and SlpB

was extracted with Lv. brevis JCM 1059 with 5 M LiCl solution.
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Figure B.1 SDS-PAGE of product extracted with 1 M to 5 M LiCl solution and stained with silver. Product
extracted with (a) 1 M LiCl solution, (b) 2 M LiCl solution, (c) 3 M LiCl solution, (d) 4 M LiCl solution, (e)
5 M LiCl solution. M indicates protein molecular weight marker and arrow points at 52 kDa.
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Appendix C

Standard Curve for Protein Quantification

This chapter discuss methods used to quantify concentration of Slp. Generally, Bradford assay
is a robust and convenient method to evaluate the concentration of protein. However, absorbance
at UV /Vis spectrum is generally used to evaluated the concentration and dye:protein ratio of
labelled proteins. Therefore, it is important to understand the relationship between UV method
and Bradford method.

All reagents and samples used in this chapter were diluted from a vial of stock solution, and
same pipettes and analytical balance were used to ensure consistency of data. For BSA standard
used in this chapter, a vial of 2.00 mg ml' BSA solution was prepared as stock solution. BSA

used in each experiment was prepared by further diluting BSA stock solution.

C.1 Bradford Method

Bradford method quantifies protein by dyeing with Coomassie brilliant blue (CBB) [146] BB
is a protein stain which bind to amine groups in protein through ionic interaction via sulphonic
acid group in dye, as well as through Van der Waals attraction. This method is simple and
relatively robust, and it is one of the standard protocol used in protein quantification. Prior
studies of Slp, e.g., Ref. 147, 148 and 55, have used Bradford method for quantification.

In this section, I discuss Slp quantification by standard microplate protocol of Bradford
method. To quantify concentration of SlpB, a standard curve of was plotted with BSA as
standard. 40 pl 1x CBB solution was added to 160 pl BSA of various concentration and SlpB
in 96-well plate. Then, the plate was shake on 52.35 rad s! orbital shaker for 10 min, and let sit
for 10 min. Absorbance at 595 nm was measured and the concentration of SlpB was determined
based on standard curve (Figure C.1).

The concentration of SlpB extracted was 114.4 pg ml™!
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Figure C.1 Standard curve of Bradford method measured by BSA. Error bars indicate standard devia-
tion. Standard deviations includes 4% error resulted by impurity in BSA and error of pipette.

C.2 UV Method

Amino acids are building block of proteins. Some amino acids consist of aromatic rings
which can absorb energy at ultraviolet (UV) range, e.g., phenylalanine absorbs energy at 260
nm; while tryptophan, tyrosine and cysteine absorb energy at 280 nm. This property can be
used to quantify proteins which are rich in aromatic rings, e.g., BSA and SlpB.

To verify whether the concentration of SlpB can be quantified with UV method, absorbance
at 280 nm of SlpB was measured, and calculated with extinction coefficient e9g(s1pB) as 65,780
M cm™, mass as 50,924 Da. The concentration of SlpB was 104 pg ml™!,

Approximately 10 pg ml-! difference in concentration measured by Bradford method and UV
method was observed, due to the difference in ratio of arginine consist in BSA and SlpB, which

bind to CBB.
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Appendix D
Fluorescent Labelling of SlpB

Cy5 labelling of SlpB was confirmed with fluorescent SDS-PAGE. Electrophoresis of “¥°SIpB
was performed and detected with fluorescent image scanner (Figure D.1). Single band of fluo-

rescent protein observed in gel indicates that Cyb was successfully conjugated on SlpB.

Figure D.1 SDS-PAGE of Cy5-labelled SIpB.
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Zeta Potential of Important Materials Used
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Figure E.1 { potential of materials used in this study.
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Appendix F
Optimisation of Protocols for Differentiation and Polari-

sation of THP-1 Monocyte

Human leukemic monolytic cell line, THP-1!831 is widely used as a model of monocytes
due to its high stability and homogeneity compared to primary peripheral blood mononuclear

cells149:150]

Studies have shown that THP-1 monocytes can be differentiated into macrophage-
like cell, and polarised into various phenotypes of macrophages and dendritic cells with appro-
priate stimulant. Nevertheless, various differentiation protocols were reported, and depends on

[149,151,152]  §ome

protocol, functional changes, e.g., protein expression might vary significantly
protocols have reported that only a small fraction of cells, ranges from 10 - 60% express DC-
SIGN [153.154] " which are unfavourable to study the function and interaction with specific pheno-
types of cells. Therefore, to obtain correctly expressed cell, e.g., > 90% of DC-SIGN™ cells after
1L-4 polarisation[155], optimisation of protocol is necessary.

First, I confirm whether THP-1 can be stimulated and induced into DC. THP-1 monocytes
are incubated with sRPMI supplemented with 50 nM PMA for 48 h, followed by 20 ng ml™*
rhlL-4 for 48 h. Then, the cells were detached by incubating cells in medium containing 5 mM
EDTA at 37°C for 15 min. The cells were collected into tubes, and well plate was inspected with
microscope to ensure that all cells were detached and collected to prevent bias (Figure F.1).

Then, the cells were fixed with 3.7% formaldehyde and 0.8% methanol, blocked with 3%
BSA, followed by incubation with mouse Ab against hDC-SIGN and FITC-conjugated goat Ab
against mouse IgG. Then, 5,000 cells were analysed with flow cytometry. Cells without rhlL-4
treatment were used as control (Figure F.2). 93.57% of cells were found to express DC-SIGN,
which suggest that the protocol is valid and the cells were in good conditions. Low fraction of
DC-SIGN positive cells in prior study was properly resulted from weakening of cells occurred in

the process of maintenance and differentiation of THP-1 cells.
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Figure F.1 Microscopic inspection of well plate after cell detachment. (a) Case which some cells re-

mained attached on plate after EDTA-treatment. This case produces bias on cell analysis. (b) Case
which all cells were detached from plate. The scale bars are 50 um.
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Figure F.2 Expression of DC-SIGN induced by 50 nM PMA stimulation followed by 20 ng ml rhiL-4,
each for 48 h incubation in 37°C, 5.0% CO. humidified incubator. 5,000 cells were analysed for each
sample. Grey areas indicate control. The numbers indicate percentage of cells in gated region.
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F.1 Optimisation of Concentration of PMA

In this section, I optimise differentiation protocol for THP-1 monocyte to obtain stable phe-
notypes for in vitro studies. As the signature receptor found on DC, DC-SIGN was used as
marker to determine degree of polarisation. Furthermore, the conditions of cells after polari-
sation were also compared. As optimal concentration of IL-4 required for THP-1 macrophage
polarisation is known, this section focuses on optimisation of concentration of PMA required to
differentiate THP-1 monocytes into imM®.

THP-1 monocyte was suspended in sSRPMI supplemented with various concentration of PMA

and seeded into 48-well plate at density of 2.0 x 10 cells mm™.

The cells were incubated in
37.0°C, 5.0% COy humidified incubator for 48 h. Then, the cells were rested in fresh sSRPMI for
72 h with medium replacement at every 48 h, followed by polarisation in sSRPMI supplemented
with 20 ng ml! rhIL-4.

The morphology of cells was observed with fluorescent cell imager at 2 h, 48 h , 120 h and
168 h (Figure F.3). Based on microscopy analysis, I found that THP-1 monocytes began to
adhere and flatten at 2 h. After 48 h incubation in sSRPMI supplemented with PMA, stellate
morphology can be observed. Furthermore, colour changes of culture medium were observed
for cells incubated in SRPMI supplemented with > 30 nM PMA, indicates metabolic changes,
probably due to up-regulation of undesirable gene expression stimulated by PMA* (Figure F.4).

After polarisation in sRPMI supplemented with 20 ng ml™! rhIL-4, cells were detached and
collected. Suspended cells were fixed with 3.7% formaldehyde and 0.8% methanol, blocked with
3% BSA, followed by incubation with mouse Ab against hDC-SIGN and FITC-conjugated goat
Ab against mouse IgG. For each sample, 10,000 cells were analysed with flow cytometer. DC-
SIGN expression level and percentage of DC-SIGN™ cells were used to determine the optimal
concentration of PMA (Figure F.5). Cells without PMA and rhIL-4 treatment were used as
control. As shown in Figure F.6, rhll-4 alone stimulated expression of DC-SIGN by THP-
1 monocyte. Both the density of DC-SIGN and percentage of positive cell increase as the
concentration of PMA increases. Percentage of DC-SIGN™ cells (Fig F.5 (b)) were the highest
when stimulated with 40 nM PMA, and the ratio of positive cells begins to drop when THP-
1 monocyte was stimulated with 50 nM PMA, which might be due to the masking effect of

over-priming [157].

* Refer e.g. reference 156
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120 h

Figure F.3 Morphology of THP-1 monocytes after stimulation with various concentration of PMA for
various length of time. The scale bars are 10 um.
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Figure F.4 Colour of culture medium after 48 h recovery. THP-1 monocytes stimulated with (a) 0 nM,
(b), 5 nM, (c) 10 nM, (d) 20 nM, (e) 30 nM, (f) 40 nM, (g) 50 nM, (h) 100 nM PMA. Changes in colour of
medium can be observed when THP-1 monocyte was treated with > 30 nM PMA.
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Figure F.5 Flow cytometry analysis of DC-SIGN expression of DC stimulated with various concentration
of PMA. 10,000 cells were analysed for each sample. Grey areas indicate control.
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Figure F.6 Relative density of DC-SIGN expressed in DC stimulated with various concentration of PMA.
(a) Signal intensity of DC-SIGN, (b) percentage of DC-SIGN* cells. The plot represent data obtained
from triplicate sample in independent test and the error bars represent standard deviation of mean.
Statistical significance was evaluated with Student’s t-test. * p < 0.05, ** p < 0.01, ** p < 0.001, *** p <
0.0001.
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On the other hand, analysis of cell morphology shows that the minimum concentration of
PMA required to induce morphological transformation of THP-1 monocyte was 20 nM PMA
(Figure F.7).

Based on these data obtained, in this dissertation, 20 nM PMA was used to differentiate

THP-1 monocyte to reduce undesired effect of PMA stimulation on cells.

F.2 Optimal Concentration of LPS for DC Maturation

To identify optimal concentration of LPS required for DC maturation, titration of LPS was
performed.

DC was incubated in sSRPMI supplemented with various concentration of LPS in 37°C, 5.0%
CO2 humidified incubator for 24 h. Then, the supernatants were collected, and concentration
of IL-6 were evaluated with ELISA; viability of cells were evaluated with 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide assay with DC without LPS treatment as control. Then,
curve of IL-6 production and cell viability was plotted against concentration of LPS (Figure F.8).
Production of extracellular IL-6, which is a signature cytokine of mature DC, increases linearly
with concentration of LPS, suggesting that higher concentration of IL-6 is capable to stimulate
higher degree of DC maturation. On the other hand, cell viability decrease when 1 pg ml™! was
supplemented. To reduce noise generated as a result of cell weakening and pyroptosis, 100 ng

ml! LPS was used in both M® induction and DC maturation in this study.

133



Appendix F. Optimisation of Protocols for Differentiation and Polarisation of THP-1 Monocyte

—
[V
—~

(b) ()

25600000
25600000
25600000

o o o
b = £ b=
m m m
Q o (&)
wi wi wi
L4 L] L]
o o o
(] (7] (7]
Forward scatter 25600000 Forward scatter 25600000 Forward scatter 25600000
2(d) = 2(f)
a 2 2
Q (=1 (=]
«© w o
w Dyl w0
™~ o~ o~
o o o
£ . H £
M e M )
Q . (&) (&)
wi wi wi
L] y L] L]
o | £ o o
(%3] ‘ .ol (%3] (73]
Forward scatter 25600000 Forward scatter 25600000 Forward scatter 25600000

Figure F.7 Difference in cell morphology based on scattering signal. (a) control, cell treated with (b) 0
nM, (c) 5 nM, (d) 10 nM (e) 20 nM, (f) 30 nM PMA and 20 ng ml! rhiL-4.
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Figure F.8 Relationship between IL-6 production and cell viability against concentration of LPS. The plot
represent data obtained from triplicate sample in independent test and the error bars represent standard
deviation of mean.

134



Appendix G. Supplementary Figures

Appendix G

Supplementary Figures

G.1 Micrographs used in statistical analysis in Figure 4.5 (n)

Sample 1 Sample 2 Sample 3

P/GP2)

FITC-OVALP (

IGP2)

SlpB_FITC-OVALP (

Figure G.1 Micrographs used in statistical analysis in Figure 4.5 (n). Region of interest used in statistical
analysis are gated with white line. The scale bars are 50 um
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G.2 Micrographs used in statistical analysis in Figure 4.7 (h)

Cy3-OVALP SlpB_Cy3-OVALP

Figure G.2 Micrographs used in statistical analysis in Figure 4.7 (h). Region of interest used in statistical
analysis are gated with white line. The scale bars are 50 um
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Appendix H

Growth Curves of Lv. brevis and THP-1 Cells

H.1 Growth of Lv. brevis JCM1059

Growth of Lv. brevis JCM1059 at 30.0°C was evaluated to determine time required to achieve
each growth phase. 1 pl cyro-preserved Lv. brevis JCM1059 was inoculated in 5 ml MRS broth
in screw-capped test tube (@16 mm). The test tube was tightly capped, sealed with Paraﬁlm®,
and incubated statically in 30.0°C incubator for 48 h.

Then, 5 pl bacteria suspension was inoculated in 5 ml fresh MRS broth in screw-capped test
tubes. The test tubes were tightly capped, sealed with Parafilm®, and incubated statically in
30.0°C bio-photorecorder. Optical density at 660 nm of each test tubes were measured every 30
min (Figure H.1). The growth curve shows that initial stationary phase of Lv. brevis JCM1059
is achieved at 40 h. At initial stationary phase, the maximum mass of L. brevis is achieved while
the rate of protein degradation is not as high as late stationary phase. Therefore, 40 - 48 h is
optimum to yield Slp from Lv. brevis JCM1059.

Based on the growth curve, Slp was yielded from Lv. brevis JCM1059 at 40 - 48 h.

H.2 Growth of THP-1 Monocytes

For each lot of FBS, the growth curve of THP-1 monocytes is plotted to determined the
optimal duration of cultivation for cell maintenance. Approximately 1x10° cells ml™l THP-1
monocytes were seeded in 10 ml sSRPMI medium in 3 tissue culture flasks. The flasks were
incubated in 37.0°C, 5.0% COs humidified incubator, and the medium were replaced with fresh
medium every 48 h. 10 pl of sample from each flasks were extracted, mixed with 10 pl 0.5% trypan
blue staining solution, and the number of live and death cells were counted with haemocytometer,
and a growth curve was plotted (Figure H.2). As the fraction of death cells increased significantly
when the number of cell exceed 9 x 10° cells ml!. Therefore,the THP-1 monocyte is maintained

at 2 - 9 x 10° cells mlI't throughout this dissertation.
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oD

0 20 .40 60 80
Time, h

Figure H.1 Growth curve of Lv. brevis JCM1059 when incubated statically at 30°C. The plot represents
data obtained from triplicate sample in independent test and the error bars represent standard deviation
of mean.

15

—e—Live cell

Dead cell

-
o

Cell density, x105 cells ml-!

0 1 1 1 1 1
0 20 40 60 80 100 120

Time, h

Figure H.2 Example of growth curve of THP-1 monocytes when cultured in tissue culture flasks and
incubated statically in 37°C, 5.0% CO, humidified incubator. The plot represent data obtained from
triplicate sample in independent test and the error bars represent standard deviation of mean. Statistical
significance was evaluated with Student’s t-test. *: p < 0.05.
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