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Chapter 1: Introduction

Section 1: Immune System

[tem 1: Overview of the immune system

The immune system is a defense mechanism employed by the host organism to provide
protection against infection. The immune system consists of all the cells, chemicals and processes
that act in harmony to protect the host against foreign pathogens, which includes bacteria, fungi,
viruses, and toxins etc., as well as endogenous cancer cells [1]. The first line of defense against an
intruding pathogen is the anatomic barrier, which consists of the epidermal cells forming the skin
surface and the epithelial cells that line the respiratory, gastrointestinal and genitourinary tracts.
The skin is both a physical and chemical shield, inducing an acidic environment to prevent the
growth of pathogens [2]. Meanwhile, the epithelial cells of mucous membrane secrete mucus that
entraps foreign microbes, and carries extension called cilia that move back and forth to remove
these microbes from the host mucosa [3]. At the same time, the immune system also possesses the
physiological barrier, which are factors such as temperature (high temperature prevents growth of
certain bacteria), pH (acidic environment of the stomach, kidney, bladder, etc. inactivate many
viruses and bacteria) and chemical mediators that are soluble secretory products of the mucosa
(e.g. saliva and tears contains lysozyme that damages cell wall and cell membrane of bacteria) [4].

Beyond the physical and chemical barriers, the immune system is then divided into two
categories: innate immunity and adaptive immunity. Both types of immunity are important for the
survival of the host, and table 1.1 below summarizes the key differences between them [5][6].

Table 1.1: Summary of innate immunity and adaptive immunity

Innate immunity Adaptive immunity
Typical .
response time Quick Delayed
Non-specific (antigen- . .
e . . Highly specific and dependent on
Specificity independent), only recognizes . .
unique antigens
general patterns
No memory; identical response Memory; more rapid and efficient
Memory
to the same class of pathogens response upon re-exposure
Maior Phagocytes (e.g. macrophages,
J neutrophils, dendritic cells), NK B cells, T cells, antibodies
components cells
Main Pattern recognition receptors B-cells receptor (BCR), T-cells
receptors (PRRs) receptor (TCR)
. Immediate defense against Antigen-specific response in case
Functional L . . . o .
role pathogens; trigger adaptive innate immunity is insufficient;
immune response long-term immunity




As shown in table 1.1, innate immunity occurs almost immediately upon encountering pathogens
and targets pathogens in a non-specific way, while adaptive immune responses are antigen-specific
and require a delayed period between antigen exposure and maximum immune response.

[tem 2: Innate immunity

If pathogens successfully escape the anatomical and physiological barriers, they can establish
an infection in the host. This triggers the activation of the innate immune system, which generates
signals resulting in the release of chemokines and cytokines to rapidly recruit immune cells to the
site of infection, initiating an inflammatory response. The innate immune system relies on a variety
of specialized cells to mount this defense, including phagocytes (mainly neutrophils and
macrophages), dendritic cells, mast cells, natural killer (NK) cells, innate lymphoid cells,
eosinophils, and basophils.

Upon exposure to an immune threat, tissue-embedded immune sentinel cells (such as
macrophages and dendritic cells) can induce resistance factors that limit the invasion, replication
and assembly of pathogens [7]. Inflammatory cytokines and secondary messengers are secreted by
these sentinel immune cells to communicate with and recruit other bystanding immune cells within
the tissue. After the initial alarm, the next cell type to response against pathogens is phagocytes,
which are the macrophages that are already presented in the tissue and the neutrophils that arrive
rapidly from the bloodstream [8]. Phagocytes engulf (phagocytose) and destroy pathogens by
forming a phagosome that deliver the engulfed pathogen to the cytoplasm and fuse with the
lysosomes. Inside the lysosome, bactericidal substances and enzymes kill and digest the pathogens

[9].

Innate immunity also includes natural killer (NK) cells, a type of cytotoxic lymphocytes, which
play a critical role in identifying and eliminating infected or abnormal cells. NK cells recognize
stress proteins on the surface of cells infected with intracellular pathogen, and release perforin and
granzyme to initiate apoptotic cell death [10]. NK cells also upregulate cytokines, especially
interferon-gamma (IFN-y) that enhances immune response by activating macrophages and
enhances antigen presentation. Mast cells, basophils and eosinophils are granulocytes that function
to mediate acute inflammatory reactions associated with allergy and asthma, and function in the
destruction of parasites that are too large for phagocytosis [11].

Dendritic cells are phagocytes, but they are considered non-professional phagocytes due to lower
phagocytotic capacity and efficiency [8]. Both dendritic cells and macrophages are also antigen-
presenting cells (APCs), acting as messengers between innate immunity and adaptive immunity
by interacting with T cells. Figure 1.1 below shows the major components and the events that occur
during innate immunity.
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Figure 1.1: Overview of events in innate immunity [20-26]

As shown in figure 1.1, innate immune cells express pattern recognition receptors (PRRs), which
recognize pathogens via the detection of small molecular motifs called pathogen-associated
molecular patterns (PAMPs). PAMPs are conserved structural features that are shared among
microbes of the same class and are essential for the survival and pathogenicity of microbes [12].
Examples of PAMPs include peptidoglycan, lipopolysaccharide (LPS) from Gram-negative
bacteria, bacterial flagellin, lipoteichoic acids for Gram-positive bacteria, single-stranded RNA
(ssRNA) and double-stranded RNA (dsRNA) for viruses, CpG DNA from bacteria, etc. [13].
Families of PRRs include Toll-like receptors (TLRs) [14], RIG-I-like receptors (RLRs) [15], Nod-
like Receptors (NLRs) [16], C-type lectin receptors [17] and scavenger receptors [18].

The recognition of PAMPs by PRRs triggers the activation of innate immune signaling cascade
that leads to the upregulation of cytokines (such as chemokines, interferons, interleukins, etc.).
These molecules are small proteins that play an essential role in cell signaling by interacting with



cell surface receptors, and regulate the maturation, growth and movement of different immune cell
types [19].

Upon PAMPs recognition, the immediate response is the release of pro-inflammatory cytokines
such as TNF-a, IL-1 and IL-6. TNF-a and IL-1 (including IL-1o and IL-1B) promotes the
recruitment of neutrophil, but they are also responsible for inducing inflammation, fever and septic
shock. IL-1, together with IL-23, are also critical for the activation of innate lymphoid cells (ILCs),
which leads to the production of IFN-y and promotes mucosal immunity [20].

IL-6 stimulates the production of acute-phase protein from livers and is involved in the
differentiation of adaptive immune cells (B cells and Th17 cells) [21]. If the pathogen is a virus,
IFN-a and IFN-P are also released to inhibit viral replication and enhance NK cells activity [22].
Chemokines such as CXCL-8 (IL-8) and CCL2 (MCP-1) are also released and function in the
activation of neutrophils and differentiation of monocytes into macrophages at the site of infection
[23]. Afterwards, IL-12, IL-18 and IL-23 are released and promote the activation of adaptive
immune response, as well as stimulate the production of IFN-y by NK cells and T cells. IFN-y
helps enhance phagocytosis by macrophage and enhances the adaptive immune response [24][25].

Along with pro-inflammatory cytokines, anti-inflammatory cytokines are also released days
after infection. These include IL-10 and TGF-pB, which suppress the release of pro-inflammatory
cytokines and promote tissue repair [26].

Item 3: Adaptive immunity

As mentioned above, phagocytes are not only involved in innate immunity but also activate
adaptive immunity to stimulate an antigen-specific response. Adaptive immunity is mediated by B
cells (B lymphocytes) and T cells (T lymphocytes). During phagocytosis, pathogens are engulfed
by phagocytes such as macrophages and dendritic cells and the antigens of pathogens are then
processed into peptide fragments, called epitopes, through proteolysis and presented on the cell
surface to activate T cells [27].

All nucleated cells express proteins called major histocompatibility complex (MHC), and the
receptors on T cells (TCRs) only recognize the epitope when they are in complex with MHC on
the surface of host cells. All infected host cells display MHC I proteins that present peptide derived
from pathogen proteins in the cytoplasm, but APCs also display MHC II that present peptides from
engulfed pathogens [28]. Recognition of antigen by TCRs stimulates T cells to differentiate into
either cytotoxic T (Tc) cells (CD8+ cells) or T-helper (Th) cells (CD4+ cells). Figure 1.2 highlights
the various T cells and their roles in the immune system.
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Figure 1.2: Overview of T cells and their roles in adaptive immune response

From figure 1.2, Tc cells recognize foreign antigen embedded in MHC I proteins and directly
kill cells that display such antigen by inducing apoptosis using perforins and granzymes [29]. Th
cells have no cytotoxic or phagocytic activities, but they are capable of mediating immune
response by regulating the activities of other immune cells. Interaction with peptide-MHC II
complexes on the surface of APCs causes Th cells to differentiate into different cell types, most
commonly Th1, Th2 and Th17 cells.

Thl cells activate macrophages via cytokines such as IL-2, IFN-y, and TNF-a to increase
phagocytosis and promote inflammation. Th2 cells are important for the process of B cell
activation and production of antibody. B cells express B-cells receptors (BCRs), which are
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membrane-bound immunoglobulins that serve as receptors for antigens. After endocytosis and
proteolysis of antigen, B cells function as APCs by presenting MHC II-antigen complex on their
surface and stimulating Th2 cells to release IL-4 and IL-5 cytokines (Figure 1.2), which in turn
activate B cells. As a result, B cells differentiate into plasma cells or memory cells [30]. Plasma
cells produce and secrete soluble immunoglobulins called antibodies that bind to and inactivate
foreign substances as well as promoting phagocytosis, while memory cells provide long term
protection against pathogen of specific diseases [31]. Th17 cells are activated by dendritic cells
and release IL-17 that attracts neutrophils to the site of infection, amplifying innate immunity
response [32] as shown in figure 1.2. Th17 cells play an important role in immune defense against
mucosal infection.

Item 4: Recognition of LPS and lipid A by TLR4/MD-2 receptor complex

As illustrated in figure 1.1, pattern recognition receptors (PRRs) are a critical component of the
innate immune system, enabling the host to detect and respond to pathogens. PRRs are located on
the cell surface, within endosomes and lysosomes, in the cytoplasm, or secreted as soluble
receptors. PRRs recognize pathogen-associated molecular patterns (PAMPs), which are conserved
molecular motifs derived from pathogens. Toll-like receptors (TLRs) are a major family of PRRs
that play a central role in innate immunity. TLRs are type I transmembrane proteins that are
evolutionarily conserved between insects and humans, and mammal TLRs are homologous to Toll
receptors of Drosophilia fruit fly [33]. Each TLR is composed of an extracellular domain for PAMP
recognition, a transmembrane domain, and a cytoplasmic Toll/IL-1 receptor (TIR) domain that
initiates downstream signaling pathway [34]. In human and mice, 10 and 12 functional TLRs have
been identified, respectively, with TLR1-TLR9 conserved between both species [35]. TLRs are
classified into two subgroups based on their cellular localization and the PAMPs ligands that they
recognize. TLR1, TLR2, TLR4, TLRS, TLR6 and TLRI11 are expressed on cell surface and
recognize microbial membrane components, such as lipoteichoic acid (TLR2), bacterial flagellin
(TLRS), diacyl lipopeptides (TLR6) [13]. In contrast, TLR3, TLR7, TLRS, TLR9 are located in
intracellular vesicles (e.g. endoplasmic reticulum, lysosomes) and recognize microbial nucleic acid.

Among these TLRs, it was identified in 1998 that TLR4 is responsible for recognizing
immunostimulatory molecules called lipopolysaccharide (LPS) and lipid A that are derived from
Gram-negative bacteria [36]. TLR4 consists of a 608-residue extracellular domain and a 187-
residue intracellular domain that functions in intracellular signaling cascade [37].

LPS, the major glycoconjugate on the outer membrane of Gram-negative bacteria, is a type of
endotoxin and PAMPs. LPS makes up 80% of the cell membrane of E. coli and Salmonella and is
the most common antigen on the surface of most Gram-negative bacteria [38]. LPS is a potent
activator of the immune system and can induce high fever, tissue death, organ failure that can lead
to septic shock in the host. LPS toxicity is linked to its ability to stimulate the innate immune
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response and induce the upregulation of pro-inflammatory cytokines like IL-6 and TNF-o. The
structure of LPS is shown in figure 1.3 below, which consists of three covalently linked distinct
parts: O-polysaccharide, core oligosaccharide, and a glycolipid moiety called lipid A, which is the

active principle of LPS [39].

IO-antigenI core

polysaccharide

(D-glycero-D-talo-octulosonic acid)

Ho CH
HO
Ho\m.coori
OH

KDO
(3-deoxy-D-manno-octulosonic acid)

Figure 1.3: Structure of LPS

The core oligosaccharide region is non-repeating and linked to glucosamine of lipid A. Its
structure consists of hexoses (glucoses, galactoses, mannoses, etc.), L-glycero-D-manno-heptose
(Hep) and 3-deoxy-D-manno-octulosonic acid (KDO) residues, although some bacteria have D-

glycero-D-talo-octualosonic acid (KO) instead [40]. The O
antigen is a repeating oligosaccharide of two to eight sugar
molecules and linked to the core oligosaccharide. Lipid A is
an amphipathic molecule consisting of covalently linked
hydrophilic phosphorylated carbohydrates and lipophilic
long chain acyl groups [41]. The total synthesis of E. coli
lipid A 1 (compound 506) was successfully achieved by
Shiba and Kusumoto in 1986 [42]. As shown in figure 1.4,
canonical E. coli lipid A 1 is composed of an acylated B-1’-
6-linked glucosamine disaccharide. The glucosamine
disaccharide is phosphorylated at the 1 and 4’ position, and
acylated at the 2, 3, 2° and 3’ positions, plus two secondary
acyl chains are also presented in the non-reducing end
glucosamine.

Even though TLR4 functions as receptor for LPS and lipid
A, TLR4 alone is insufficient for LPS recognition. Myeloid
differentiation-factor (MD-2), a protein that lacks
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Figure 1.4: Structure of
canonical E. coli lipid A 1
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transmembrane and intracellular domain, forms a noncovalent complex with the extracellular
domain of TLR4 and is necessary to facilitate the activation of innate immunity by binding directly
to LPS [37]. Two other molecules, LPS-binding protein (LBP) and CD14, are also necessary for
the presentation of LPS to the TLR4/MD-2 receptor complex. LBP is an acute phase reactant
produced in the liver and lungs and binds to the lipid A moiety of LPS. LBP functions as a shuttle
protein that transfers LPS from the outer membrane of Gram-negative bacteria to CDI14, a
glycoprotein that exists in soluble form or as a glycosylphosphatidylinositol-anchored membrane
protein [43].

- i /"\\" ;LR4 Sy, Mgy,
;“ e LBP g‘ figy L MD2 & £% TLR4/MD-2
?q’“\fy a» ?ﬁﬂ‘\w’ CD14 'E' £ dimer

LPS
aggregate LPS monomer LPS monomer presented Dimerization and
presented to CD14 to TLR4/ MD-2 immune activation

Figure 1.5: Schematic diagram of LPS recognition process by TLR4/MD-2 via LBP and CD14

Figure 1.5 shows the schematic diagram of LPS recognition process. Due to its amphipathic
nature, LPS tends to form aggregates or micelles in the aqueous environment [44]. In the serum, a
single LPS-binding protein (LBP) molecule binds to LPS micelles and catalyzes multi-rounds of
LPS transfer to CD14. The LPS is then presented by CD14 to TLR4/MD-2, which leads to
dimerization of the receptor complex and activates the innate immune pathway [45][46].

In 2007, the crystal structure of human MD-2 and tetra-acylated lipid IVa, the biosynthetic
precursor of lipid A, was resolved [47]. In this structure, four acyl chains of the lipid IVa bind
directly to the hydrophobic pocket of MD-2. Additionally, Lee et al. showed that binding of LPS
causes the dimerization of TLR4/MD-2 complex [48]. In 2009, the structure of TLR4/MD-2/LPS
complex was determined via X-ray crystallography. The dimerization interface of TLR4 is induced
by the binding of LPS, with the LPS molecule directly connecting the two components.
Additionally, five of six lipid A 1 acyl chains are buried inside the pocket, while the remaining
chain is exposed to the surface of MD-2 and forms hydrophobic interaction with the phenylalanine
residue of another TLR4/MD-2 complex, promoting dimer formation. The phosphate groups of
LPS also contribute to the process of dimerization by forming ionic interaction with positively
charged residues of TLR4 and MD-2 [49].

Dimerization of TLR4/MD-2 complex is followed by the activation of the intracellular immune
signaling pathway (Figure 1.6), where downstream adaptor molecules such as MyD88/TIRAP
(MyD88-dependent pathway) and TRIF/TRAM (TRIF-independent pathway) are recruited. The
MyD88-dependent pathway activates the transcription factor NF-kB, which translocate to the

13



nucleus and induces the production of pro-inflammatory cytokines such as IL-6 and TNF-a. The
TRIF-dependent pathway activates transcription factor IFN regulatory factor 3 (IRF3), which also
translocate to the nucleus and induces the expression of antiviral type I interferon genes [50].
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Figure 1.6: TLR4 signaling pathway

Section 2: Various TLR4 ligands

Item 1: Damage-associated molecular patterns (DAMPs)

Binding of PAMPs initiates an immune response, and excessive immune response can lead to
severe inflammation, which results in cell necrosis and the subsequent release of damage-
associated molecular patterns (DAMPs). DAMPs are intracellular components that function as
endogenous danger signals and recognized by innate immune receptors, capable of activating the
innate immune system by interacting with PRRs [51]. DAMPs play a major role in the
pathogenesis of human diseases by inducing inflammation [52]. Examples of DAMPs include
HMGBI proteins (activate NF-kB signaling pathway by binding to TLR2, TLR4 and receptor for
advanced glycation end products [53]), and heat-shock proteins (activation of TLR2, TLR4 and
CD91 pathway [54]).

Previous research from our laboratory in collaboration with a German group had showed that a
DAMP such as cardiolipin (CL) can regulate the immune response of a PAMP like E. coli lipid A
1 [55]. CL is a tetra-acylated diphosphatidylglycerol lipid that located in the inner mitochondrial
membrane of bacteria, yeast, plants and animals. During cell stress or mitochondrial damage, CL
translocate to the outer mitochondrial membrane or into the extracellular space [56]. CL can
function as an antagonistic ligand and prevents LPS activation of TLR4 immune pathway.
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In Mueller and Kusumoto et al. work [55], the E. coli lipid A 1 and CL (C18:2) 2 (figure 1.7)
were mixed in chloroform at different molar ratios. After evaporation, the dry mixtures were
resuspended in water to produce aggregate suspensions. Suspensions that contain only CL or
contain only lipid A were prepared similarly.
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Figure 1.7: Left: Structure of CL (C18:2) 2; Right: Immune function of aggregates containing
lipid A1 and CL (18:2) 2

Figure 1.7 shows the result of TNF-a production after stimulation of human mononuclear cells
(MNCs) by the aggregates. The white bar shows a simple mixture of lipid A 1-only suspension and
CL 2-only suspension, where the introduction of CL 2 completely inhibited lipid A 1 activity, and
an antagonistic effect was observed. On the other hand, the black bar shows the result of cells
stimulation with mixed aggregates (CL 2 + lipid A 1 suspension). A boosting or antagonistic effect
was observed depending on the molecular ratio between CL 2 and lipid A 1.

In this same work, Mueller and Kusumoto et al. also prepared aggregates containing E. coli lipid
A 1 and lipid I'Va at different molecular ratios [55]. Lipid I'Va, a precursor of lipid A 1, acts as an
agonistic ligand in mice but exhibits antagonistic effects in human [57]. When a mixture of lipid
['Va-only suspension and lipid A 1-only suspension was used to stimulate MNC, the production of
TNF-a by lipid A 1 was suppressed because of lipid [Va antagonistic nature (white bar, figure 1.8).
However, depending on the molecular ratio, mixed aggregates (lipid IVa + lipid A 1 suspension)
induced either a higher or lower level of biological activity in comparison to stimulation with lipid
A 1 alone (black bar, figure 1.8). These observations show that the immune function of lipid A 1
can be modified depending on the composition of its aggregate.
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Item 2: Ganglioside GM3

In another work performed in collaboration with our laboratory, Kanoh and Inokuchi et al.
reported the effects of ganglioside GM3 on the immune function of LPS and lipid A 1 [58]. GM3
is a membrane-bound glycosphingolipid composed of three monosaccharide groups attached to a
ceremide backbone (figure 1.9).
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C24:1) and a-hydroxy VLCFA. Figure 1.9: Top: Structure of GM3; Bottom: Co-stimulation

of TLR4/MD-2 by GM3 species plus LPS (5 pg/mL)
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Figure 1.9 presents the results of stimulating human peripheral blood monocytes (HPBM) by E.
coli LPS and GM3. Cells were pre-treated with GM3 for 30 minutes before LPS was introduced
to the cell culture medium. While GM3 alone did not exhibit any immunostimulatory effects on
TLR4 signalling pathway, the immune function of LPS was synergistically enhanced by VLCFA -
GM3 (red bar, figure 1.9) and antagonistically suppressed by LCFA-GM3 (blue bar, figure 1.9).

Item 3: Fatty acids potential role as ligands or regulators of innate immune
function

Amphipathic compounds such as fatty acids, alongside DAMPs like CL, may act as ligands for
TLR4, or they may play a role in the regulation of PAMPs immune function. Fatty acids are the
major components of triglyceride, and the main contributors to dietary fat in humans. Fatty acids
are available through digestion and absorption or synthesized by humans from nonlipid precursors
(e.g. glucose) or from other fatty acids [60]. Different fatty acids can have specific metabolic,
signaling or regulatory roles.

Saturated fatty acids, including stearic acid (C18:0), palmitic acid (C16:0), myristic acid (C14:0)
and lauric acid (C12:0), are the most common fatty acids in diets, but they are also synthesized de
novo in humans from carbohydrate or amino acid metabolism [61]. Saturated fatty acids are
necessary for cell signaling as components of phospholipids, sphingolipids, gangliosides, and lipid
raft structures, and some (e.g. palmitic acid, myristic acid) also function in acylation of membrane
proteins for the anchoring of these proteins to the plasma membrane [62]. Oleic acid (C18:1) is
the most prevalent cis-monounsaturated fatty acid (MUFA) in diet but also synthesized de novo by
desaturation of stearic acid. Oleic acid was reported to lower cardiovascular risk by reducing blood
lipid, mainly cholesterol, low-density-lipoprotein (LDL) cholesterol, and triglycerides [63].

Poly-unsaturated fatty acids (PUFAs) such as linoleic acid (C18:2) and linolenic acid (C18:3)
are essential fatty acids that must be obtained from diet. PUFAs are necessary for normal brain
development and function [64], necessary for synthesis of ceramides in the skin [65], and lower
blood cholesterol concentrations. Docosahexaenoic acid (DHA, C22:6) can be obtained from diet
or synthesized from linolenic acid, is a major component of brain and eye membranes [66] and is
essential for visual and neural development of infants. Trans-unsaturated fatty acids such as elaidic
acid (C18:1) are derived from cis-unsaturated fatty acids via industrial or cooking processes.
Trans-unsaturated fatty acids are associated with higher blood LDL cholesterol concentration and
higher risk of cardiovascular diseases [67].

Currently, there are multiple contrasting reports on the effects of different fatty acids on TLR4
signaling pathway and its downstream cytokines. Wong and Hwang et al. reported that lauric acid
induces the dimerization and recruitment of TLR4/MD-2 receptor complex into lipid rafts and
activates downstream pathway, while DHA inhibits LPS- or lauric acid- induced dimerization [68].
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However, Erridge and Samani reported that saturated fatty acids alone cannot stimulate an immune
response, and any observed activation of TLR4 pathway is caused by sample contamination with
LPS [69]. Novak and Espat et al. reports that linolenic acid and DHA inhibit NF-«xB activation,
reducing the activation of TLR4 by LPS [70]. Based on these reports and others, there is not yet a
clear consensus on the role of fatty acids in mediating TLR4-dependent signaling pathway.

Section 3: Lipid A as vaccine adjuvants

Item 1: Vaccine adjuvants

Vaccine is a preparation designed to safely induce an immune response and provides protection
for the host against future infection by the same pathogen [71]. A vaccine can be derived from
biological sources or synthesized using non-biological components. Vaccine typically contains
antigen, a molecule that can bind to specific antibody or T-cell receptor. An antigen can exist on
normal cells, cancer cells or microbes, and can be either proteins, peptides, polysaccharides, lipids
or nucleic acids [72].

Vaccines are classified as either live (contain attenuated strains of the pathogen) or non-live
(contain only components of a pathogen or killed whole organisms). Immunization with live viral
or bacterial vaccines is a potential hazard in patients with immunodeficiencies of T cells, B cells
and phagocytic cells [73]. On the other hand, non-live vaccines are safer, but also less
immunogenic and potentially less effective. Therefore, vaccine adjuvants are often administered
together with vaccine antigen to enhance the immunogenicity of vaccines [74]. A vaccine adjuvant
can act as an immunostimulant (directly increasing the immune response to antigen) or as a
delivery vehicle (controlled delivery of antigen to targeted site), and a combination of both is
described as adjuvant system [75].

From 1920s to 1990s, insoluble aluminum salt (alum) was the only adjuvant included in
commercial vaccines, such as vaccines against hepatitis B, diphtheria, tetanus and human
papilloma virus [76]. Alum mechanism of action was not completely understood, but its adjuvant
effects include inducing strong antibody response (Th2-biased) and activation of the NLRP3
inflammasome [77][78]. However, alum is less effective for stimulating Thl-response (cell-
mediated immunity), which are essential for protection against intracellular pathogen like
tuberculosis or HIV [79]. Alum also does not directly activate TLR and is ineffective when
administering with poorly immunogenic antigens [80].

After alum, the next adjuvant approved for clinical use was the oil-in-water emulsion adjuvant
MF59 that contains squalene, Tween 80 and Span 85 [81]. MF59 enhances both humoral and cell-
mediated immune responses, although its mechanism of action remains unclear [82]. Since MF59,
a few other adjuvants have been practically used, including the adjuvant system (AS)O series
developed by GlaxoSmithKline (GSK) [83].
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The ASO series combines the usage of adjuvant delivery modes (alum, emulsions, liposomes)
with immunostimulants (TLR ligands). Currently, 5 adjuvant families were investigated in clinical
trials, and 3 were officially included in licensed vaccines. ASO1 is a liposomal formulation that
contains 3D-MPL 3 (an agonist of TLR4, figure 1.11) and QS-21 (a potent immunostimulant
saponin isolated from Quillaja saponaria tree bark) [84]. 3D-MPL 3 and QS-21 induce a
synergistic activation of innate immunity and activate novel pathways not triggered by either

component alone, increasing polyfunctional CD4" T cells HO(IF?’ OH
expressing IL-2, IFN-y and TNF-a [85]. ASOI is used in the ud \Ooé&,o
shingles vaccine Shingrix and malaria vaccine Masquirix [86][87]. 0 o NH Ha&&
NH "OH
ASO03 is a squalene in oil-in-water emulsion adjuvant that o 0 o
contains squalene, surfactant polysorbate 80 and a-tocopherol © o
o)

(vitamin E). a-tocopherol is an immunostimulant that enhances
immune response by stimulating NF-«xB and modulating the
expression of cytokines such as CCL2 and IL-6 [88][89]. AS03
was approved for usage in influenza A (H5N1) vaccine and SARS-

COV-2 recombinant protein vaccine [90] [91]. AS04 is a vaccine cia (C12)

that contains 3D-MPL 3 adsorbed onto alum. AS04 stimulates

immune response via a combination of TLR4-mediated innate g4

immune signaling by 3D-MPL 3 and alum immunomodulatory (©14) (C16)
properties [92]. AS04 is currently used in the hepatitis B virus sp-mpL3  (C14)
(HBV) vaccine Fendrix and human papillomavirus (HPV) vaccine ~ Figure 1.11: Structure of
Cervavix [93][94]. GSK’s 3D-MPL 3

Item 2: Lipid A structure-activity relationship

The ability to activate host immunity via TLR4-mediated innate immune pathway makes LPS
and lipid A potential adjuvant candidates. As previously explained, TLR4 signaling pathways are
either MyD88-dependent (triggers production of cytokines such as IL-6) or TRIF-dependent
(triggers production of antiviral type I IFN) [50]. However, canonical E. coli LPS and its lipid A 1
are unsuitable as adjuvants because they simultaneously activate both pathways and induce severe
inflammation that leads to lethal toxicity [95].

To ensure the safe use of lipid A as an adjuvant moiety, the inflammatory activity of lipid A must
be attenuated. Previous structure-activity studies had demonstrated that the immune function of
lipid A, including its inflammatory activity, can be regulated by modifying its structure, such as
the number and length of acyl chains, as well as the charge of phosphate group [96]. GSK 3D-
MPL 3 as shown in figure 1.11 is an attenuated monophosphoryl lipid A derived from Gram-
negative bacterium Salmonella enterica serovar Minnesota Re595 [97]. 3D-MPL 3 selectively
activates the TRIF-dependent pathway while showing weaker stimulation of MyD88-dependent
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pro-inflammatory cytokine IL-6 [98]. The ability to induce antiviral effects without causing severe

inflammation makes 3D-MPL 3 a safe adjuvant molecule.

[tem 3: Intestinal symbiotic bacteria Alcaligenes faecalis

In searching for safe lipid A molecules to be used as adjuvants, our laboratory has focused on
symbiotic bacterial lipid A that could survive the host’s immune response by promoting

homeostasis. Obata et al. reported that several opportunistic bacteria, including Alcaligenes
faecalis (A. faecalis), colonize the host’s gut-associated lymphoid tissue (GALT), Peyer’s patch

(PP) (figure 1.12) [99]. Since the first
discovery of A. faecalis inside PP, it has been
reported that LPS extracted from 4. faecalis
shows weaker TLR4 activation than
canonical E. coli LPS. In comparison to the
high toxicity effect induced by E. coli LPS in
vivo (hypothermia, lung inflammation, etc.),
no excessive inflammation was observed in
mice treated with A. faecalis LPS. A. faecalis

Immune cells

LPS stimulates dendritic cells to induce Figure 1.12: A. faecalis colonizes the gut-
antigen-specific mucosal IgA antibodies in associated lymphoid tissue Peyer’s patch

the gastrointestinal tract (GI) tract through

an IL-6 dependent mechanism [100]. Additionally, 4.
faecalis LPS induces low amount of nitric oxide (NO)
and a low rate of apoptosis when co-cultured with
DCs, suggesting a symbiotic relationship between
DC:s of the intestinal lymphoid tissues and A. faecalis
[101].

Recently, our laboratory showed that 4 faecalis LPS
contains a mixture of tetra-acylated, penta-acylated
and hexa-acylated lipid A. Our laboratory
successfully synthesized all three moieties and
identified the active principle of A. faecalis LPS as
hexa-acylated lipid A 4 (AfLA 4), its structure shown
in figure 1.13 [102]. In immunization study with
ovalbumin (OVA) as an antigen via subcutaneous
immunization, AfLA 4 demonstrated the ability to
boost antigen-specific IgA and IgG production, and

HO-P._
/ 0
Ho O o
o NH HOg 0
o] 0 NH| & _OH
HO o= Oy
O— HO
o)
0
HO
(C14)
(C14) (C14)
(C12) {010)(014)
AfLA 4

Figure 1.13: Structure of hexa-
acylated A. faecalis lipid A 4 (AfLA)

stimulated the preferred induction of Th17 cells, which are essential for mucosal immune defense
[103]. Furthermore, immunization of mice with up to 1 ug of AfL A 4 caused no major side effects,

such as lymphopenia and thrombocytopenia.
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Most significantly, both A. faecalis LPS and AfLA 4 showed promising results as mucosal
vaccine adjuvant. In nasal immunization study with pneumococcal surface protein A (PsPA)
antigen of Streptococcus pneumoniae, AfLA 4 induced stronger mucosal IgA production compared
to cholera toxin, which is a known potent immunogen for mucosal IgA production [104][105].
AfLA 4 also outperformed MPLA (an adjuvant derived from Sal/monella bacterium like GSK’s
3D-MPL 3) and demonstrated stronger mucosal adjuvant activity when immunized nasally
together with OVA [106][107].

These results suggested that AfLLA 4 is a very promising candidate for the development of
mucosal vaccine adjuvant. Currently, only a limited number of adjuvants are approved for practical
use due to safety concerns. For example, while cholera toxin is approved as a mucosal vaccine
adjuvant, its use 1s associated with problems such as Bell’s palsy (facial weakness or paralysis),
inflammation and diarrhea [108][109]. Furthermore, to date, there are only 9 mucosal vaccines
approved for human use, none of which is synthetic (only live vaccines or whole-cell vaccines)
[110]. Against diseases that target mucosal membrane such as influenza or cholera, mucosal
vaccine can provide better protection compared to injection vaccines that only induce systemic
response. In fact, majority of pathogens initiate their infection process at mucosal surfaces such as
gastrointestinal or respiratory tract. Therefore, mucosal vaccines are crucial for eliciting localized
mucosal immunity at the site of pathogen entry, preventing the establishment of the initial infection
and blocking further disease transmission.

Item 4: Lipid nanoparticles as carriers for the delivery of vaccine materials

Lipid nanoparticles (LNPs) are nanosized carriers composed of lipids that assemble into well-
defined structures, such as micelles, lipid bilayers, or solid lipid cores. They are designed to
encapsulate and protect therapeutic or immunogenic agents (e.g., nucleic acids, proteins, peptides),
enabling the efficient delivery of these agents to target cells or tissues while minimizing in vivo
degradation [111]. By tailoring their properties to specific applications, LNPs, whether naturally
assembled or engineered through methods such as microfluidics, can overcome limitations of
traditional delivery systems, such as low efficacy, enzymatic degradation, or off-target side effects.

LNPs represent an advanced class of delivery systems that have evolved from earlier generation
liposomes. Compared to liposomes, LNPs offer improved functionality, stability and delivery
efficiency. GSK’s ASO1, which uses liposomes, has been successfully applied in vaccines for
shingles and malaria, illustrating the early success of liposome-based adjuvants [112]. Similarly,
liposome-based adjuvants addressed the problem of water solubility in earlier generation of cancer
treatment [113]. Building on these foundational systems, modern LNPs platforms have
revolutionized the delivery of nucleic acids and small molecules, with their role in mRNA vaccines
for COVID-19 exemplifying their potential [114].
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Structurally, LNPs are spherical nanoparticles formed by phospholipids (e.g.,
phosphatidylcholine, phosphatidylglycerol, etc.) dispersed in aqueous solution, often with
additional stabilizers such as cholesterol. The organization and physicochemical properties of
LNPs depend on the types and quantities of the constituent lipids, as well as the solution properties
(such as ionic strength, pH) [115]. Their size typically ranges from 20 nm to 200 nm, but smaller
LNPs with size < 100 nm tend to exhibit enhanced cellular uptake and prolonged circulation time,
which facilitate antigen presentation and immune cell activation [116][111]. LNPs are versatile
delivery vehicles, capable of transporting both hydrophilic and hydrophobic drugs [117]. The
surface charge of LNPs, including liposomes, is determined by the charge of the lipid head groups
within their structure. This charge contributes to zeta potential, a key parameter representing the
electrical potential at the interface between a particle’s surface and the surrounding fluid. Particles
with low zeta potential values (close to 0 mV) are prone to aggregate due to insufficient
electrostatic repulsion. In contrast, particles with high zeta potential (<-30 mV or >30 mV) exhibit
strong repulsion forces that prevent aggregation [118].

The zeta potential of LNPs can be tuned based on their composition. For example, cationic lipids,
such as dioleoyl-3-trimethylammonium propane (DOTAP), yield positively charged LNPs which
enhance interaction with negatively charged cell membranes and promote cellular uptake via
endocytosis [117]. However, it was also reported that cationic LNPs were unstable during storage
and exhibited high cytotoxicity levels, both in vitro and in vivo [119][120]. In contrast, anionic
lipids, such as 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), have also been explored. The
inclusion of negatively charged lipids produces LNPs that generally demonstrate greater stability
in solutions and lower cytotoxicity [121].

Despite their advantages, LNPs still have certain limitations including short circulation time and
low in vivo stability. To address these challenges, various modifications have been developed to
improve the functionality of LNPs. One notable approach is the incorporation of bio-compatible
polymers, such as polyethylene glycol (PEG), onto the surface of LNPs. This process is known as
PEGylation, which creates a stealth effect by introducing steric hindrance that prevents phagocytic
cells from accessing the surface of LNPs and prolongs LNPs circulation time in bloodstream [122].
Moreover, PEGylation improves drug solubility by forming a water cloud around the polymer
[123].

Section 4: Summary

Building on the information outlined in the introduction, this research was structured into two
main parts. The first part focused on examining how the immune function of lipid A 1 can be
modulated by altering its aggregate structure using simple amphipathic molecules such as fatty
acids. This involved investigating the impact of aggregate composition and the state of mixed
aggregate on the innate immune activity of lipid A 1.
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The second part of this research centered on the development of LNPs containing AfLA 4 as a
mucosal vaccine adjuvant. Drawing on the insights gained from the first part, the lipid composition
of LNPs was tailored and optimized to regulate their immune function. The adjuvanticity of LNPs
containing AfLLA 4 was then evaluated in vivo using ovalbumin (OVA) as a model antigen.
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Chapter 2: Regulation of Escherichia coli lipid A immune
function by amphipathic fatty acids

Section 1: Background

In the previous work by Mueller and Kusumoto et al. [55], it was observed that the composition
of aggregates between E. coli lipid A 1 and cardiolipin (CL, C18:2) 2 could affect the immune
function of lipid A 1. Therefore, I wanted to investigate the modification of lipid A 1 aggregate
structure by using simple amphipathic compounds like fatty acids.

Although previous studies had explored the role of fatty acids in immune signaling, there
remains no clear consensus on whether fatty acids directly activate the TLR4-mediated signaling
pathway or regulate the immune function of LPS or lipid A 1 [68][69][70]. Considering those prior
results, in this chapter, the aggregate structure of E. coli lipid A 1 was modified using different
fatty acids to investigate how the state of mixed aggregate and aggregate composition can affect
lipid A 1 activity. Specifically, the effects of fatty acids chain length and degree of unsaturation on
lipid A 1 immune function were examined. These findings were subsequently applied to the next
phase of this research, which involved developing lipid nanoparticles containing lipid A and other
amphipathic compounds as vaccine adjuvant materials.

Section 2: Aggregate sample preparation method

To evaluate the effect of fatty acids chain length on lipid A 1 immune function, stearic acid
(C18:0) 5, palmitic acid (C16:0) 6, myristic acid (C14:0) 7, and lauric acid (C12:0) 8 were used.
To evaluate the effect of fatty acids degree of unsaturation on the immune function of lipid A 1,
oleic acid (C18:1) 9, linoleic acid (C18:2) 10, linolenic acid (C18:3) 11 and docosahexaenoic acid
(DHA, C22:6) 12 were used. Figure 2.1 below shows the structure of all fatty acids that were
examined in this research.
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Figure 2.1: Structures of all fatty acids investigated

To investigate the effects of aggregates on the immune function of lipid A 1, two sample
preparation methods were constructed as shown in figure 2.2 below: simple mixing method
(SMM) and homogenous mixing method (HMM). These methods were first developed by Mr.
Ichinoo in our group, who prepared HMM and SMM samples containing cardiolipin and E. coli
lipid A 1, successfully reproducing the findings of Mueller and Kusumoto et al. [124]. The choice
of method was expected to influence the proportion of mixed aggregates composed of multiple
compounds versus aggregates consisting of a single compound.

For SMM, lipid A 1 and one fatty acid (chosen from fatty acids 5-12) were separately dissolved
in DMSO at appropriate concentrations. The samples were then diluted with physiological saline
before being added continuously to cell culture medium. SMM samples were expected to form a
mixture of two distinct aggregates composed of single components: lipid A 1-only aggregates and
fatty acids-only aggregates.

For HMM, lipid A 1 and one fatty acids (selected individually from fatty acid 5-12) were mixed
in tert-butyl alcohol (‘BuOH) and then lyophilized overnight. The mixture was then dispersed and
homogenized in chloroform, which should result in a uniform solution. After evaporation to
remove chloroform, HMM samples were dissolved in ‘BuOH, lyophilized overnight and dissolved
in DMSO before being added to cell culture medium. HMM samples were expected to
predominantly form mixed aggregates composed of both lipid A and fatty acid.
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Figure 2.2: Aggregate sample preparation method

Section 3: Evaluation of SMM and HMM samples innate immune
function

In this chapter, the innate immune function of all samples was evaluated using the HEK-Blue™
hTLR4 cell line. Previous studies have utilized cell lines expressing multiple receptors such as
RAW264.7 or Ba/F3 cell lines [68][69][70]. Since this research aimed to examine the effect of
fatty acids 5-12 on lipid A 1 TLR4-mediated immune pathway, a cell line that stably expresses
TLR4/MD-2 receptor complex was chosen. This approach ensured that any observed immune
activity could be attributed specifically to the TLR4/MD-2 signaling cascade. Specifically, innate
immune function was measured via the activation of NF-«xB, a transcription factor protein complex
that is essential in regulating immune response of the TLR4/MD-2 signaling pathway [125]. The
level of NF-kB activation was evaluated by the release of secreted alkaline phosphatase (SEAP),
a reporter of gene expression.

First, the effects of fatty acid chain length on lipid A immune function were examined using lipid
A 1 and saturated fatty acids 5-8.
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Figure 2.3: Top: Evaluation of NF-xB activation by saturated fatty acids 5-8 alone/ E. coli lipid
A 1 alone. Bottom: Evaluation of NF-«B activation by SMM samples of saturated fatty acids
5-8 and E. coli lipid A 1 (500 pg/mL)/ HMM samples of saturated fatty acids 5-8 and E. coli

lipid A 1 (500 pg/mL)

From figure 2.3, when HEK-Blue™ hTLR4 cells were treated with only saturated fatty acids 5-
8, no immunostimulatory effect was observed. For SMM and HMM samples, each sample contain
lipid A 1 at 500 pg/mL and one saturated fatty acid at concentration range from 50 ng/mL to 5
pg/mL. In the case of SMM, it was observed that changing the fatty acid concentration had no
effect on the immune function of the SMM sample compared to the positive control, which

contained only lipid A (500 pg/mL).

On the other hand, the HMM samples of all saturated fatty acids 5-8 exhibited an attenuation
effect on the immune activity of lipid A 1, and the attenuation effect occurred in a concentration-
dependent manner. Additionally, it was observed that the as the acyl chain length decreased from
stearic acid C18:0 5 to lauric acid C12:0 8, the attenuation effect also decreased. Based on these
results, changing the fatty acid chain length could affect the level of NF-«xB activation by lipid A
1, but only in HMM samples.

Next, the effects of the degree of unsaturation on lipid A 1 immune function were evaluated
using unsaturated fatty acids 9-12.
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Figure 2.4: Top: Evaluation of NF-kB activation by unsaturated fatty acids 9-12 alone/ E. coli
lipid A 1 alone. Bottom: Evaluation of NF-«xB activation by SMM samples of unsaturated fatty
acids 9-12 and E. coli lipid A 1 (500 pg/mL)/ HMM samples of unsaturated fatty acids 9-12
and E. coli lipid A1 (500 pg/mL)

As shown in figure 2.4, treatment of HEK-Blue™ hTLR4 cells with only unsaturated fatty acids
9-12 did not induce any immunostimulatory activity. Similarly, when cells were treated with SMM
samples that contained lipid A 1 (500 pg/mL) and one unsaturated fatty acid (concentration ranging
from 50 ng/mL to 5 pg/mL), no change was observed in the level of NF-kB activation compared
to cells treated with lipid A 1 alone.

Meanwhile, HMM samples showed a concentration-dependent attenuation effect at higher
concentration of fatty acid, but as the fatty acid concentration decreased, a boosting effect was
observed for all unsaturated fatty acids 9-12. Furthermore, the attenuation effect weakened as the
number of unsaturated bonds increased from one in oleic acid 9 to three in linolenic acid 11. Thus,
the degree of unsaturation of fatty acids appeared to influence the immune function of lipid A 1 in
HMM samples, but not in SMM samples.

Based on the previous results (figure 2.3 and 2.4), SMM samples containing any fatty acids 5-
12 had no effect on the activity of lipid A 1, suggesting that these fatty acids 5-12 did not
competitively inhibit MD-2 binding pocket. In contrast, HMM samples showed attenuation of lipid
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A 1 activity, indicating an alternative mechanism by which fatty acids 5-12 could modulate the
immune function of lipid A 1. One possible explanation was that lipid A 1 activity was influenced
by the structural properties of its aggregate. Therefore, a structural evaluation of aggregates
containing lipid A 1 and fatty acids 5-12 was conducted.

Furthermore, the innate immune activity of lipid A 1 (500 pg/mL) was found to change
depending on three factors: 1) sample preparation method (SMM or HMM); 2) the choice of fatty
acid (saturated or unsaturated); 3) the concentration ratio of fatty acid to lipid A. It was considered
that modifying any of these factors could alter the structural properties of the aggregates. Structural
evaluation was thus performed to investigate the influence of these factors.

Section 4: Structural evaluation of aggregates by dynamic light
scattering and transmission electron microscopy

To examine the differences between aggregates, structural evaluation was performed using
dynamic light scattering (DLS) and transmission electron microscopy (TEM). DLS measures the
sizes of aggregates as well as the polydispersity index (PI), which is a measure of aggregates
homogeneity. A large PI value means that sample is more heterogenous and contains aggregates
with different sizes, while a small PI value (approach 0) means that the sample contains more
homogenous aggregates. On the other hand, TEM provides information about the size distribution
and shape of aggregates in each sample.

As previously mentioned, from the in vitro results there were three factors that showed an effect
on lipid A 1 immune function: 1) sample preparation method (HMM and SMM); 2) which fatty
acid was used; 3) the concentration ratios between fatty acid and lipid A 1. To evaluate the effect
of different types of fatty acids, sample containing stearic acid (C18:0) 5§ was chosen to represent
saturated fatty acid, and sample containing linoleic acid (C18:2) 10 was chosen to represent
unsaturated fatty acids. To evaluate the effect of concentration ratio, two concentration ratios of
fatty acid to lipid A were chosen: 10:1 and 0.1:1 (Table 2.1).

Table 2.1: Difference in concentrations of samples for biological experiments and for DLS/TEM

Concentration Ratio Concentrations for Concentrations for DLS/ TEM

N biological experiments 1 e
(Fatty acid : lipid A) (Fatty acid : lipid A) (Fatty acid : lipid A)

10:1 5 ng/mL : 500 pg/mL 10 pg/mL : 1 pg/mL

0.1:1 50 pg/mL : 500 pg/mL 0.1 pg/mL : 1 pg/mL
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From table 2.1, although the concentrations of samples used for biological experiments ranged
from 5 ng/mL to 50 pg/mL, these conditions could not be replicated in DLS measurements due to
the detection limit of DLS. Instead, the same concentration ratios were maintained, with DLS
experiments conducted at concentrations ranging from 10 pg/mL to 0.1 pg/mL. For TEM, while
aggregates could be observed at lower concentrations, the range of 10 ug/mL to 0.1 pg/mL was
applied due to technical constraints.

First, the effects of sample preparation method (SMM or HMM) on the aggregates formed and
the immune function of lipid A 1 were shown in table 2.2 below.

Table 2.2: Effects of sample preparation method

Amorph(;s
aggregates size
300~1000 nm

Concentration
Ratio
(Fatty acid : 10:1 10:1 10:1 10:1
lipid A)
Fatty acid Stearic acid (C18:0) Linoleic acid (C18:2)
Sample
preparation SMM HMM SMM HMM
method
Effect on . .
lipid A immune No effect Altenuation No effect Atenuation
L effect effect
function in vitro
Peak: 525.5 Peak: 546.8 = Peak: 636.7 = Peak: 286.3 +
DLS 143.9 35.8 99.2 7.6
PI: 1.092 + PI: 0.296 + PI: 0.761 + PI: 0.303 +
0.00658 0.0481 0.0584
R 200 nm G e % e
Aggregates Aggregates Aggregates
size <100 nm size 100~500 nm size <50 nm size 100~300
TEM nm

Amorphous
aggregates size
300~1000 nm
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Table 2.2 above shows the summary of DLS, TEM and in vitro results of the SMM and HMM
sample preparation methods. In the case of samples that contained saturated stearic acid (C18:0) 5
and lipid A 1 at concentration ratio 10:1, SMM sample showed no effect on the immune function
of lipid A 1, while HMM sample showed an attenuation effect. From the DLS results, the main
difference was that HMM sample showed a lower PI value, which suggested that the HMM
samples were relatively more homogenous. TEM results also showed a difference in the aggregates
formed by SMM and HMM. The SMM sample contained a large amount of small size aggregates,
but also many large amorphous aggregates with irregular structures. This was in contrast with
HMM sample, where stearic acid (C18:0) 5 and lipid A 1 rearranged to form relatively
homogenized large aggregates.

When comparing the results of SMM and HMM samples of unsaturated linoleic acid (C18:2) 10
and lipid A 1, in vitro experiments showed no effect on lipid A 1 immune function for SMM, but
an attenuation effect was observed for HMM (figure 2.4). The results of DLS and TEM showed
that HMM sample had a lower PI value and formed large and relatively homogenized structure
compared to the small and amorphous aggregates observed in SMM sample.

From these results, there seemed to be a correlation between the structures of the aggregates
formed and the effects of these aggregates on the immune activity of lipid A 1. DLS and TEM
results showed that for both fatty acids, HMM samples formed large, relatively homogenous
structures, which corresponded to an attenuation effect on lipid A 1 immune function. On the other
hand, SMM samples consisted of many small aggregates or large but amorphous aggregates, which
seemed to have no effect on the in vitro results.

Next, the effects of concentration ratio and the type of fatty acids on the structural characteristics
of aggregates were evaluated.
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Table 2.3: Effects of concentration ratios and types of fatty acids

Concentratio
n Ratio i ) i )
(Fatty acid : 10:1 0.1:1 10:1 0.1:1
lipid A)
Fatty acid Stearic acid (C18:0) Linoleic acid (C18:2)
Sample
preparation HMM HMM HMM HMM
method
livi dlazfie;;);lne Attenuation Attenuation Attenuation Boosting
f pic A rmmu effect effect effect effect
unction in vitro
Peak: 546.8 + Peak: 314.4 + Peak: 286.3 + Peak: 49.8 +
DLS 35.8 22.7 7.6 0.891
PI: 0.296 + PI: 0.447 + PI: 0.303 + PI: 0.418 £
0.00658 0.0301 0.0584 0.891
&
St ERRDURL SRy S 200.0m _ @®200nm Q- Bahm:
Aggregates Aggregates Aggregates Aggregates
TEM size 100~300 nm | size 100~300 nm | size 100~300 nm | _Size <50 nm

~ Amorphous
aggregates
300~1000 nm

Table 2.3 above shows the summary of DLS, TEM and in vitro results of HMM samples at
different concentration ratios of fatty acid and lipid A 1. In the case of samples containing stearic
acid (C18:0) 5, an attenuation effect on lipid A 1 immune function was observed for both
concentration ratios 10:1 and 0.1:1 (figure 2.3). The results of DLS and TEM were also similar for
both concentration ratios. A relatively low PI value was observed in DLS, and large, relatively

homogenous aggregates were observed in TEM.

On the other hand, for samples containing linoleic acid (C18:2), an attenuation effect was

observed at concentration ratio 10:1, but a boosting effect on lipid A 1 innate immune activity
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occurred at concentration ratio 0.1:1 (figure 2.4). At the concentration ratio 10:1, DLS and TEM
results were similar to the results of stearic acid (C18:0) 5, where a low PI value and large,
relatively homogenous aggregates were observed. However, at the concentration ratio 0.1:1, TEM
showed a large amount of small size aggregates and large amorphous aggregates. Additionally,
evaluation by DLS showed a higher PI value compared to the PI value at concentration ratio 10:1.

Based on these results, a correlation between the aggregates structures and the effect of mixed
aggregates on lipid A 1 immune function was observed. For HMM samples containing stearic acid
(C18:0) 5, many relatively homogenous aggregates were observed at both concentration ratios
10:1 and 0.1:1, which corresponded to an attenuation effect on lipid A 1 immune activity at both
ratios. Meanwhile, HMM samples containing linoleic acid (C18:2) 10 showed an attenuation effect
at concentration ratio 10:1, but a boosting effect at ratio 0.1:1. This was reflected in the results of
DLS and TEM, where relatively homogenous aggregates were observed at ratio 10:1 but missing
at ratio 0.1:1. Instead, many small size aggregates and large amorphous aggregates were observed.
The DLS and TEM data for HMM samples of palmitic acid 6 exhibited a similar trend with stearic
acid 5, while data for HMM samples of linolenic acid 11 showed similar tendency to linoleic acid
10. These DLS and TEM results are provided in the supporting information (Table S1).

Section 5: Discussion and conclusion

In the previous work by Mueller and Kusumoto et al. [55], it was reported that the innate immune
activity of lipid A was affected by the composition of suspensions containing E. coli lipid A 1 and
cardiolipin (CL, C18:2) 2. When lipid A 1-only suspension and CL 2-only suspension were mixed
together, an antagonistic effect was observed. On the other hand, mixed suspensions that contained
both lipid A 1 and CL 2 showed a boosting or antagonistic effect depending on the ratios of these
two compounds.

Taking the results of previous work into consideration, the effects of mixed aggregate and
aggregate compositions on the immune function of lipid A were investigated. To achieve this, the
aggregate of lipid A 1 was modified using amphipathic fatty acids 5-12, and the level of innate
immune response was measured via the level of NF-xB activation.

When HEK-Blue™ hTLR4 cells were treated with only fatty acids, all saturated and unsaturated
fatty acids 5-12 showed no innate immune activity (figure 2.3 and 2.4). From this result, fatty acids
were not agonist of TLR4/MD-2 receptor complex. In previous work using Ba/F3 and RAW264.7
cell lines, it was reported that saturated fatty acids could elicit immunostimulatory effect by
inducing dimerization and recruitment of TLR4/MD-2 receptor complex into the lipid raft regions
of cell membrane [68]. However, when using a cell line that stably expressed TLR4/MD-2 receptor
complex, no immune activation was observed for all fatty acids. As the cell lines in previous works
expressed multiple receptors, it was possible that the fatty acids could activate immune function
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using other signaling pathways such as TLR2-mediated pathway, or by triggering caspase-4/5/11
which led to the activation of Nod-like receptor 3 (NLRP3) inflammasome [126][127].

Samples that contained lipid A 1 and one fatty acids (chosen from fatty acids 5-12) were then
prepared using either simple mixing method (SMM) or homogenous mixing method (HMM).
When HEK-Blue™ hTLR4 cells were treated with SMM samples, there were no changes in the
immune function of lipid A 1 compared to control that contained only lipid A (figure 2.3 and 2.4).
This was observed for all fatty acids regardless of chain length or degree of unsaturation. This
suggested that when lipid A 1 and fatty acids 5-12 were simply mixed together, fatty acids did not
competitively inhibit MD-2 binding pocket to inhibit lipid A 1 immune function. This was different
from previous results where unsaturated fatty acid like linoleic acid (C18:2) 10 and
docosahexaenoic acid (22:6) 12 inactivated the NF-kB signaling pathway and reduced LPS and
lipid A-induced innate immune activity [70]. However, previous works also used RAW?264.7 cells
which expressed multiple immune receptors, compared to HEK-Blue™ hTLR4 which stably
expressed TLR4/MD-2 receptor complex. If fatty acids could modulate immune activity through
pathways outside TLR4, this experiment system may not be able to detect such phenomenon.

On the other hand, when treatment of HEK-Blue™ hTLR4 cells were performed using HMM
samples, effects on the immune function of lipid A 1 were observed. In the case of samples
containing saturated fatty acids, a concentration-dependent attenuation effect was observed for all
saturated fatty acids 5-8 (figure 2.3). Furthermore, this attenuation effect was strongest for stearic
acid (C18:0) 5 and decreased as the acyl chain length decreased to 12 carbons of lauric acid (C12:0)
8.

There were several factors that may explain the decrease in the attenuation effect as the number
of carbon atoms decreased. The longer fatty acid chains of stearic acid (C18:0) 5 and palmitic acid
(C16:0) 6 enhanced Van der Waals force, leading to tighter packing of the mixed aggregates of
lipid A 1 and fatty acids. Tighter packing resulted in more rigid and thermodynamically stable
aggregates, which could prevent the presentation of lipid A to LBP or TLR4/MD2. Additionally,
the larger hydrophobic region of stearic acid (C18:0) 5 and palmitic acid (C16:0) 6 may also
integrate into cellular membrane, affecting membrane fluidity and disrupting the function of
membrane receptor proteins [128].

On the other hand, the shorter chains of myristic acid (C14:0) 7 and lauric acid (C12:0) 8 reduced
the Van der Waals force, resulting in less stable aggregates. This reduced the prevention of lipid A
transfer to LBP and TLR4, leading to a decrease in the attenuation effect. The shorter hydrophobic
regions of myristic acid (C14:0, 7) and lauric acid (C12:0, 8) were also less disruptive to the cell
membrane, and therefore had a smaller impact on the function of membrane receptor proteins
[128].

In the case of HMM samples containing lipid A 1 and one unsaturated fatty acid 9-12, an
attenuation effect was observed at higher fatty acid to lipid A concentration ratio, and a boosting
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effect was observed at lower concentration ratio (figure 2.4). Additionally, the attenuation effect
decreased as the degree of unsaturation increased from one double bond of oleic acid (C18:1) 9 to
three double bonds of linolenic acid (C18:3) 11.

There were several factors that could explain the stronger attenuation effect and weaker boosting
effect of mono-unsaturated oleic acid (C18:1) 9 compared to poly-unsaturated linoleic acid (C18:2)
10 and linolenic acid (C18:3) 11. As oleic acid 9 contained only a single double bond, it formed a
tighter and more organized packing compared to the poly-unsaturated fatty acids, reducing the
presentation of lipid A 1 to LBP. In contrast, the additional double bonds of linoleic acid 10 and
linolenic acid 11 introduced more kinks to the fatty acid chain, which significantly disrupted
aggregate packing. This disruption increased the accessibility of lipid A 1 to LBP and TLR4.
Furthermore, poly-unsaturated fatty acids inserted into membrane may increase the membrane
fluidity, thereby promoting the recruitment of TLR4 [129].

As fatty acids 5-12 did not suppress lipid A 1 activity by competitively inhibited MD-2 binding
pocket (based on SMM results), an alternative mechanism by which fatty acids 5-12 could
modulate the immune function of lipid A 1 should be considered. One possible hypothesis was that
lipid A 1 activity could be influenced by the structures of its aggregate. Additionally, it was
observed that the immune function of lipid A 1 changed depending on three factors: 1) sample
preparation method (SMM or HMM); 2) type of fatty acids (saturated or unsaturated); 3)
concentration ratios of fatty acids to lipid A. Therefore, it was hypothesized that modifying any of
these three factors could alter the structural properties of the aggregates formed, which required
structural evaluation by DLS and TEM to verify. First, when compared the DLS results of SMM
and HMM samples, it was observed that HMM sample had a higher degree of homogeneity based
on a lower polydispersity index (PI) (table 2.2). The TEM results showed that SMM samples
formed many small size aggregates and large amorphous aggregates, while HMM samples
rearranged into large and relatively homogenous aggregate structures. SMM samples also showed
no effect on the immune function of lipid A 1, which suggested that the fatty acids and lipid A 1 in
SMM were phase-separated and not reorganized into a unified structure. The small size aggregates
could be incomplete structures that contained only lipid A 1 or only fatty acids, while the large
amorphous aggregates were irregular and structurally unstable, which could indicate poor
compatibility between lipid A 1 and fatty acids. These amorphous aggregates may be easy to
collapse, which allowed lipid A 1 to be available to LBP. In this way, lipid A 1 may retain its
biological conformation and could continue to activate TLR4 effectively.

Meanwhile, the large, relatively homogenous aggregates in HMM samples suggested that fatty
acids and lipid A 1 were structurally integrated. The tighter packing of lipid A 1 and fatty acids in
these relatively homogenous mixed aggregate structures could lead to a more rigid and stable
structure, which prevented the presentation of lipid A 1 to LBP and TLR4/MD-2 complex.
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Next, the effects of the types of fatty acid (saturated and unsaturated) as well as the effects of
concentration ratios between fatty acid and lipid A 1 on the innate immune activity of lipid A 1
were evaluated (table 2.3). At concentration ratios 10:1 and 0.1:1 (fatty acid:lipid A), HMM
samples of saturated stearic acid (C18:0) 5 showed attenuation effect. The DLS and TEM results
at these two concentration ratios were similar, where large, relatively homogenous aggregates were
observed. As explained previously, this kind of homogenous morphology may lead to tighter
packing, which resulted in reduced interaction between lipid A 1 and LBP.

In the case of HMM samples of unsaturated linoleic acid (C18:2) 10, an attenuation effect was
observed at concentration ratio 10:1 and a boosting effect was observed at concentration ratio 0.1
(fatty acid:lipid A). At concentration ratio 10:1, large, relatively homogenous aggregates were
formed that were structurally similar to aggregates containing stearic acid 5. However, at
concentration ratio 0.1:1, many small aggregates and large amorphous aggregates were observed.
It was possible that these morphologies had lower stability and were easier to collapse, which led
to easier transfer of lipid A to TLR4/MD-2 receptor complex via LBP. Thus, a boosting effect was
observed.

In conclusion, by preparing aggregates that contained lipid A 1 and simple amphipathic fatty
acids 5-12 using SMM or HMM, it was shown that aggregate composition and state of mixed
aggregates could regulate the immune function of lipid A 1. Additionally, the morphologies of the
aggregates that were formed may be directly correlated with the observed immune activity.

For future experiments, one possibility is the usage of fluorescent or biotin-labeled lipid A to
tract its surface accessibility to LBP. Another possibility is binding assay to measure the direct
binding of lipid A aggregates to TLR4/MD-2 receptor complex using surface plasmon resonance
(SPR), which measures molecular interactions in real time. Additionally, molecular dynamics
simulations can be performed to simulate the interactions between lipid A and different fatty acids
to predict aggregate stability and lipid packing, and how the aggregate structure might interact
with TLR4/MD-2 receptor complex.

The results from this chapter demonstrated that aggregates containing amphipathic fatty acids
could influence the immune function of lipid A. This understanding was utilized in the subsequent
chapter, focusing on the development of lipid nanoparticles incorporating lipid A as vaccine
adjuvant materials. By incorporating more complex amphipathic compounds into lipid
nanoparticles, the aim was to develop vaccine adjuvants that could enhance the innate immune
activity of lipid A.
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Chapter 3: Development of lipid nanoparticles containing
Alcaligenes faecalis lipid A as vaccine adjuvant materials

Section 1: Background

ltem 1: Self-adjuvating vaccines

Traditional vaccines typically consist of a physical mixture of antigens and adjuvants. In contrast,
self-adjuvating vaccines integrate antigen and adjuvant into a single complex, either through
covalent or non-covalent conjugations [130]. Since innate immune ligands are commonly used as
adjuvants in self-adjuvating vaccine, this strategy enhances vaccine delivery and immunogenicity
by facilitating efficient phagocytosis of the adjuvant-antigen complex by antigen-presenting
dendritic cells that recognize these ligands (figure 3.1) [131]. In addition to promoting antigen
uptake, the adjuvant also activates innate immunity, triggering a signaling cascade that promotes
antibody production (adaptive immunity).

Adjuvant : _ -
(Innate immune ligand) | Antigen-specific

N4 | immune activation

Innate immune
receptor

T cell

Dendritic cell Hﬁ[r%

Figure 3.1: Self-adjuvating vaccine strategy

By ensuring that both antigen and adjuvant are simultaneously uptake by the same immune cell,
self-adjuvating vaccines enable a coordinated antigen-specific immune response [132].
Furthermore, self-adjuvating vaccines eliminate the need for additional adjuvants such as Freund’s
adjuvant. This not only reduces the inflammation caused by adjuvants but also has the added
benefit of simplifying vaccine formulation and enhancing consistency. Additionally, self-
adjuvating strategy allows for the formation of adjuvant-antigen complex with high degree of
homogeneity, which is essential for quality control [130].
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There have been multiple reports of synthetic covalent self-adjuvating vaccines, including those
that utilized agonistic ligands of TLR2 (lipopeptides such as diacylated Pam>CSK4, and triacylated
Pam3;CSK4) and TLR4 (MPLA) [130][131]. Here, the focus is on self-adjuvating vaccines that are
formulated via non-covalent conjugations. Our laboratory had previously synthesized co-
assembling vaccines composed of lipidated HER2-derived antigenic CH401 peptide and a
lipophilic adjuvant (Pam3CSK4, a-GalCer, or lipid A 1) [133]. However, this work instead focused
on self-adjuvating vaccines that are lipid nanoparticles (LNP), inspired by the mRNA LNP
vaccines that became popular during the COVID-19 pandemic.

Item 2: Lipid nanoparticles as a vaccine platform

Nucleic acid-based vaccines utilizing mRNA were first conceptualized more than three decades
ago and demonstrated several advantages over traditional vaccine platforms [134]. Unlike
conventional methods, mRNA vaccines can be manufactured through a cell-free process, allowing
for both rapid and cost-effective large-scale production [135]. Additionally, a single mRNA
vaccine can encode multiple antigens, which can enhance the immune response against resilient
pathogen or targeting multiple pathogens or variants with a single vaccine formulation [136][137].
Despite these advantages, early mRNA vaccines faced many challenges, including low stability,
poor efficacy or excessive immune stimulation.

The COVID-19 pandemic marked a pivotal moment for mRNA vaccine technology [138].
mRNA vaccines developed by Pfizer-BioNTech and Moderna showed high efficacy against SARS-
CoV-2. Most importantly, these vaccines addressed the limitations of mRNA-based platforms by
employing lipid nanoparticles (LNPs) as delivery vehicles. LNPs provided a protection barrier for
mRNA against enzymatic degradation by nucleases in the host body. This ensured the successful
delivery of the genetic code for SARS-CoV-2 spike protein to the target cells. Additionally, the use
of ionizable cationic lipids in LNPs facilitated the cellular uptake of negatively charged mRNA,
enabling it to cross the anionic lipid bilayer of the cell membrane.

Beyond their in vivo benefits, LNPs vaccines also offer the practical advantage of scalability,
enabling the rapid production of large quantities of vaccine. The success of mRNA vaccines during
the COVID-19 pandemic demonstrated the potential of LNPs as a reliable and versatile platform
for vaccine development. Inspired by these advancements, this research focused on designing
LNPs incorporating lipid A as a vaccine adjuvant to further explore their potential in enhancing
immune responses.
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Item 3: Lipid A as vaccine adjuvant

As previously explained, LPS and lipid A have the potential to act as vaccine adjuvants because
they exhibit immunostimulatory effect via TLR4-mediated signaling pathway, which are either
MyD88-dependent or TRIF-dependent [50]. Unfortunately, canonical E. coli LPS and its lipid A 1
excessively stimulate both pathways, leading to lethal toxicity [52].

However, the immune function of lipid A can be attenuated by modifying its structure, such as
GlaxoSmithKline (GSK) 3D-MPL 3 (figure 1.11), a monophosphoryl lipid A derived from Gram-
negative bacterium Salmonella enterica serovar Minnesota Re595 [97]. Most importantly, 3D-
MPL 3 selectively activates TRIF-dependent pathway without severe inflammation and can be
used as a safe adjuvant [98]. 3D-MPL 3 was applied to GSK ASO series, which combined the usage
of adjuvant delivery modes (alum, emulsions, liposomes) with immunostimulants. One of these is
ASO01, a liposomal formulation containing 3D-MPL 3 and QS-21 (an immunostimulatory saponin)
that has already been used in vaccines for shingles and malaria [86][87].

On the other hand, our laboratory has focused on symbiotic bacterial lipid A that could survive
the host’s innate immune response by promoting homeostasis. Specifically, we studied Alcaligenes
faecalis (A. faecalis), an opportunistic bacterium that was reported to colonize the gut-associated
lymphoid tissues (GALT), Peyer’s patch (PP) [99]. 4. faecalis was found to establish and maintain
a homeostatic environment in the PPs by activating the immune system without causing harmful
responses. The extracted LPS fraction from 4. faecalis showed weaker TLR4 agonistic activity
compared to canonical E. coli LPS, and it could promote IL-6 induction from DCs, which in turn
enhanced IgA production without inducing toxicity [100].

Our laboratory successfully synthesized the hexa-acylated form of A. faecalis lipid A 4 (AfLA
4, figure 1.13) and showed that it is the active principle of A. faecalis LPS [102]. In intranasal
immunization study using mice, A. faecalis LPS and AfLA 4 showed promising results as mucosal
vaccine adjuvant. AfLA 4 outperformed MPLA (an adjuvant derived from Sa/monella bacterium
similar to GSK’s 3D-MPL 3) and cholera toxin (a well-known immunogen for mucosal IgA
production) [104][105][106][107]. These results suggest that AfLA 4 is a highly promising
candidate for mucosal vaccine adjuvant.

Building on prior results of AfLLA 4 as an adjuvant, this chapter focused on the development and
assessment of LNPs containing AfL A 4, both in vitro and in vivo. Based on the findings of previous
chapter, where the introduction of amphipathic compounds at varying concentrations was shown
to modulate the innate immune activity of lipid A, this research investigated whether modifying
the lipid composition of LNPs with different amphipathic compounds at different concentrations
can influence the immune function of AfLA 4 in LNPs. Additionally, this study evaluated how
these modifications could impact the efficacy of LNP vaccines in murine experiments.
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Section 2: Development of lipid nanoparticles using thin-film hydration
method

In the initial investigation, the composition of LNPs was modified according to GSK ASO1B
composition, which originally contained 3D-MPL 3, QS-21, DOPC and cholesterol [139]. DOPC

promoted the formation of nanoparticles, while cholesterol was included to stabilize the liposome
and prevent leakage.

As this research focused on the activity of AfLA 4, QS-21 was not used in the preparation of
LNPs. The LNPS were prepared using the thin-film hydration method, where lipids solution of
DOPC, cholesterol and AfLA 4 were mixed together in chloroform [140]. After evaporation to
remove the chloroform, a thin lipid film was produced. Hydration of the lipid film was then
performed using phosphate buffered saline (PBS), and the LNPs were formed via agitation.
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Figure 3.2: Evaluation of NF-xB activation by LNPs containing AfLA 4 and non-LNPs AfLA 4
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Figure 3.3: Structural evaluation of LNPs containing AfLA 4 using DLS and TEM
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The innate immune function of the LNPs formed were then evaluated using HEK-Blue™ hTLR4
cell line by measuring the level of NF-kB activation (figure 3.2). Structural evaluation of LNPs
was also performed using DLS and TEM.

From figure 3.2, it was observed that AfLA 4 could maintain innate immune activity even when
incorporated into LNPs. However, the result of DLS showed a high polydispersity index (PI),
which meant that the LNPs formed were not homogenous (figure 3.3). This was reflected in the
TEM result, which showed multiple large LNPs of different sizes.

Although the immune function of AfLA 4 in LNPs was confirmed, the LNPs formed by thin-
film hydration method were not homogenous enough to function as vaccine adjuvant. Therefore,
the LNPs preparation method and the LNPs composition were modified to improve LNPs quality.

Section 3: Development of lipid nanoparticles containing DOTAP and
Alcaligenes faecalis lipid A using microfluidic

Item 1: Optimization of lipid nanoparticles preparation and quantification of lipid
A in lipid nanoparticles

To improve the quality of the LNPs formed, a microfluidic device called iLiNP was used. iLiNP
was developed by Professor Manabu Tokeshi group at Hokkaido University [141]. The iLiNP
device is a baffle mixer device with a zigzag-shaped microchannel, which allows for rapid mixing
and dilution of the lipid solution in the aqueous buffer solution (figure 3.4). By changing the flow
rate and flow rate ratio between lipid and buffer solution, it was possible to synthesize homogenous
LNPs population with the desired size <100 nm, which could improve circulation time and prevent
uptake by phagocytes [116][111].

In addition to using the iLiNP, the composition of
LNPs was modified to mimic the design philosophy 100 M ZiQ_ZBQ'Shaped
of mRNA Covid-vaccine [114]. In addition to the microchannel
neutral phospholipid (DSPC 13 and DOPC 14) and
cholesterol 15, a polyethylene glycol lipid DMG-

PEG 2000 16 and an ionizable cationic lipid Lipid
DOTAP 17 were introduced (figure 3.5). As AfLA 50|Uti0” %§
4 a‘rc‘e negatively charged, the inclusion of the Agueous : r
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compartments. Additionally, the adsorption of
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should lead to an increase in endocytosis of the LNPs. This can ensure that both AfLLA 4 and
antigen reached the same antigen-presenting cells, leading to efficient T cell activation [117]. On
the other hand, DMG-PEG 2000 16 are biocompatible polymers that prevent phagocytes from
accessing LNPs surfaces due to steric hindrance and help increase LNPs circulation time [122].
Thanks to the water cloud surrounding the polymer, PEGylation also improves drug solubility
[123].

To ensure the solubility of all compounds, the lipid solution was ethanol:DMSO at 6:4 ratio. For
the aqueous solution, 25 mM acetate buffer at pH 4.0 was used to maintain the positive charge of
DOTAP 17. The flow rate of the lipid solution was 125 pL/min and the flow rate of the aqueous
solution was 375 uL/min. Slower flow rates were also examined, but there was no significant
change in the physical properties of the LNPs formed (similar sizes and zeta potential) and no
change in the innate immune activity of the LNPs. Therefore, speed was prioritized to decrease
sample preparation time. After LNPs were synthesized, dialysis was performed to remove any
lipids that were not incorporated into the LNPs.
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Figure 3.5: Preparation of LNPs vaccine using iLiNP
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As part of the research purpose was to investigate whether changing lipid compositions of LNPs
can synergistically enhance the activity of AfLA 4 in LNPs, different compositions were evaluated.
Based on the lipid composition of Moderna mRNA vaccine [114], the concentrations of cholesterol
15 (38 mol%), DMG-PEG 2000 16 (1.5 mol%) and AfLLA 4 (1 mol%) were kept constants for all
samples. However, the effects of DOTAP 17 and the neutral phospholipid on the immune activity
of AfLA 4 were considered. The findings from the previous chapter showed that different
concentrations of amphipathic compounds could affect the immune function of lipid A. Therefore,
to investigate the LNPs composition that could elicit the strongest AfLA 4 immune activity, either
saturated DSPC 13 or unsaturated DOPC 14 was used, and the ratio of DSPC 13/DOTAP 17 or
DOPC 14/ DOTAP 17 was modified. Table 3.1 and 3.2 below show the physical properties of the
LNPs synthesized by iLiNP.

Table 3.1: Physical properties of DSPC 13/DOTAP 17 LNPs by DLS and TEM

AfLA=1
mol%
Cholesterol =
38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = mol% mol% mol% mol%
1.5 mol%
DSPC:DOTAP =
x:y mol%
............... . e
et W | oI, | M2 A
T e | s | T | T
() DOTAP 2) r{g\L @® I/W\
Peak: 48.3 = Peak: 84.1 = Peak: 64.1 = Peak: 50.7 £
4.57 nm 2.58 nm 4.85 nm 2.85 nm
DLS PI: 0.343 + PI: 0.339 + PI: 0.205 + PI: 0.321 +
0.0386 0.0132 0.0273 0.0265
Zeta: +27.8 Zeta: +20.2 = Zeta: +7.3 + Zeta: -10.2 £
+2.98 mV 1.88 mV 3.15mV 1.37 mV
TEM *oonn M . D e B
LNPs size LNPs siz LNPs size LNPs size
<100 nm <100 nm <100 nm <100 nm
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Table 3.1 above shows the physical properties of the LNPs at different concentration ratios of
DSPC 13 and DOTAP 17. All LNPs had sizes <100nm, but there was no correlation between the
concentrations of DOTAP and the sizes of the LNPs. All LNPs also had much lower PI compared
to LNPs prepared by thin-film hydration method. Additionally, as the concentration of DOTAP
decreased, the zeta potential of the LNPs also decreased. When there was no DOTAP, the negative
charge of AfLA 4 contributed to the negative zeta potential. The results of TEM also support DLS
findings, where all compositions formed LNPs structure with size <100 nm.

Table 3.2: Physical properties of DOPC 14/DOTAP 17 LNPs by DLS and TEM

AfLA =1 mol%
Cholesterol = 38

0,
DMCT-(;’I}?G - 15 10:49.5 29.7:29.7 49.5:10 59.5:0
mol% mol% mol% mol%
mol%
DOPC:DOTAP
= a:b mol%

(] Aa Eﬁ!&? 20 o -SS%M%&@ gg’ﬁ%s
IR Ak e 2R o

() DOTAPE ®

Peak: 45.3 = Peak: 36.2 = Peak: 34.3 + Peak: 26.1 £

4.32 nm 2.91 nm 1.82 nm 2.33 nm
DLS PI: 0415+ PI: 0.331 PI: 0.365+ PI: 0.257 +
0.0425 0.0685 0.0308 0.0816
Zeta: +28.3 £ Zeta: +19.9 Zeta: +11.7 + Zeta: -5.8 £
1.35 mV +1.82 mV 2.72 mV 2.05 mV

Gral R ST

LNPs siz LNPs size LNPs size LNPs size
<100 nm <50 nm <50 nm <50 nm

Table 3.2 above shows the physical properties of LNPs with different concentration ratios of
DOPC 14 and DOTAP 17. All LNPs had sizes <100 nm, but the sizes were lower than the LNPs
containing DSPC 13. The PI values were lower than the LNPs prepared by thin-film hydration
method, and the zeta potential value decreased as concentration of DOTAP 17 decreased. LNPs
structure with size <50 nm were also observed in TEM, corresponding to DLS results.
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After synthesis of LNPs, the quantification of AfLA 4 in each LNP sample was performed using
liquid chromatography — mass spectrometry (LC/MS) (column: UHPLC PEEK Column
InertSustain C18 3um, 2.1x100mm). Solvent A was 10 mM ammonia in methanol/water (8/2) and
solvent B was 10 mM ammonia in isopropanol. The eluent was collected at a flow rate of 0.2
mL/min and a linear gradient of 0% to 95% solvent B over 33 minutes. The results of quantitative
analysis were summarized in table 3.3 below.

Table 3.3: Quantification of AfLA in LNPs samples by LC/MS

AfLA =1 mol%
Cholesterol = 38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = 1.5 mol% mol% mol% mol% mol%
DSPC:DOTAP = x:y mol%
r T : \
N N2 | o &\&H%@ g\i@ﬂ% &3‘&@
R o e e | s | s
! DSPC | 7 =
SN e AR | AN | 7N
; () DOTAP : @ @ ®
Lipid A retention % 91.2% 82.0% 67.8% 67.5%
AfLA =1 mol%
Cholesterol = 38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = 1.5 mol% mol% mol% mol% mol%
DOPC:DOTAP = a:b mol%
I A osN2° |0 %0
i 2 i = B s &
i DOPC i ) 7 ~
e ; ® @f&%\i&@ Zj’%‘&%{%‘
. () DOTAP : ® ®
Lipid A retention % 74.3% 78.6% 58.5% 60.3%

From table 3.3 above, it could be observed that all samples had retained between 60% to 90%
of AfLA 4. For both LNPs contain either DSPC 13 or DOPC 14, as the concentration of DOTAP
17 increased, the lipid A retention% also increased. This could be explained by the electrostatic
interaction between positve charge of DOTAP 17 and negative charge of AfLA 4, which promoted
the incorporation of lipid A into the LNPs lipid compartments.
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Item 2: in vitro evaluation of lipid nanoparticles samples containing DOTAP 17
and AfLA 4 using human cell lines

The innate immune function of all LNPs samples containing DOTAP 17 and AfLA 4 was
evaluated using HEK-Blue™ hTLR4 and THP-1 cell lines. First, the level of NF-«xB activation
was evaluated by the SEAP reporter assay using HEK-Blue™ hTLR4 cells.

DSPC : DOTAP DOPC: DOTAP

‘ u1uM
100 M
| =10 nM
_ " i L= wtom
I | =1 ug/mL
i =100 ng/mL
| | | ‘ 10 ng/mL
1 1 ng/mL
I I Ia I - i ?

@ﬁﬂ%@ N, My N 1;& o o éﬁ!d‘@@ CALA  AfLA E. coli
‘ e %

PP | (iLINP) (non-iLiNP) LPS

%?**@ WE %@ E

10:49.5 29.7:29.7 | 49.5:10 59.5:0 | 10:49.5 | 29.7:29.7 | 49.5:110
mol% mol% mol% mol% | mol% mol% mol%

o
>

ol
@

o
=

o
)

NF-xB activation (Q.D.ss,m)

59.5:0
mol%

Figure 3.6: Evaluation of NF-xB (HEK-Blue™ hTLR4) activation by LNPs containing
DOTAP 17 and AfLA 4
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Figure 3.7: Evaluation of IL-6 (THP-1) inducing ability by LNPs containing DOTAP 17 and
AfLA 4

From figure 3.6 above, when HEK-Blue™ hTLR4 cells were treated with LNPs samples
containing AfLA 4, innate immunity activation was observed for all samples, but the level of
immune activity was weaker than non-iLiNP AfLA 4. LNPs containing AfLLA 4 without other lipids
components were also prepared, and showed weaker activity compared to non-iLiNP AfLA 4.
Furthermore, the activity of LNPs containing AfLA 4 was attenuated as DOTAP concentration
increased. Additionally, LNPs containing DOPC 14 showed a slightly stronger level of NF-«xB
activation compared to LNPs containing DSPC 13.
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Next, the ability of LNPs samples to induce IL-6 cytokine was evaluated in phorbol 12-myristate
13-acetate (PMA)-differentiated THP-1 cells using enzyme-linked immunosorbent assay (ELISA).
From figure 3.7, all LNPs samples were able to induce IL-6, although the levels of induced IL-6
cytokine were weaker than non-iLiNP AfLA 4 and E. coli LPS. Similar to the result of NF-«xB
activation, LNPs containing DOPC 14 showed stronger level of IL-6 induction compared to LNPs
containing DSPC 13.

As previously explained, the adjuvant 3D-MPL 3 developed by GSK selectively activates TRIF-
dependent pathway and shows weaker stimulation of MyD88-dependent pro-inflammatory
cytokine IL-6 [98]. Here, the possibility of selective activation of TLR4 signaling by the developed
LNPs material was evaluated by comparing LNPs ability to induce MyD88-dependent IL-6 and
TRIF-dependent MCP-1.
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Figure 3.8: Evaluation of MCP-1 (THP-1) inducing ability by LNPs containing DOTAP 17

and AfLA 4

Figure 3.8 shows that LNPs containing DOPC 14 and DOTAP 17 at 10:49.5 mol% and 29.7:29.7
mol% induced stronger MCP-1 activation compared to the other LNPs samples. Notably, there
was a distinct difference in the immune profile of various LNPs regarding MyD88-dependent IL-
6 activation (figure 3.7) and TRIF-dependent MCP-1 activation (figure 3.8). Specifically, while
LNPs containing DOPC 14/DOTAP 17 showed reduced IL-6 activation compared to non-iLiNP
AfLA 4, they demonstrated a TRIF-biased selectivity in TLR4 signaling.

Item 3: Investigation on enhancing AfLA 4 immune activity in lipid nanoparticles
using amphipathic compounds

From the result of in vitro experiments, all LNPs samples showed weaker immune activity
compared to non-iLiNP AfLA 4. To enhance the activity of AfLA 4 in LNPs, amphipathic
compounds were introduced to LNPs. From the previous report, it was known that cardiolipin (CL)
could boost the immune activity of lipid A [55]. Similarly, the findings from the previous chapter
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showed that unsaturated fatty acids could also enhance lipid A immune function. Therefore, CL
(C18:1) 18, CL (C18:2) 2, linoleic acid (C18:2) 10 and linolenic acid (C18:3) 11 were added to
LNPs containing DOPC 14 and DOTAP 17 (figure 3.9). Innate immune activity was then evaluated
by SEAP reporter assay using HEK-Blue™ hTLR4 cells.
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Figure 3.9: Structure of amphipathic compounds introduced to LNPs

From figure 3.10, the introduction of unsaturated linoleic acid (C18:2) 10 and linolenic acid
(C18:3) 11 did not enhance the level of NF-xB activation by LNPs containing AfLA 4. On the
other hand, the addition of either CL (C18:1) 18 or CL (C18:2) 2 led to an increase in LNPs AfLA
4 innate immune activity, but the level of activity was still weaker than non-iLiNP AfLLA 4. Based
on these results, the enhancement effect of cardiolipin was further investigated.
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Figure 3.10: Evaluation of NF-kB (HEK-Blue™ hTLR4) activation by LNPs after addition of
amphipathic compounds
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From figure 3.11, it could be observed that when the concentration of either CL (C18:1) 18 or
CL (C18:2) 2 was increased from 12.5 uM to 25 uM, the level of NF-kB activation of LNPs
containing AfLA 4 was increased. However, due to cardiolipin solubility in this solvent system, it
was difficult to incorporate a higher concentration of cardiolipin. Therefore, the enhancement
effect of cardiolipin was not examined further.

[tem 4: in vitro evaluation of lipid nanoparticles samples containing DOTAP 17
and AfLA 4 using mice cell lines

Before performing in vivo experiments, the innate immunity activity of LNPs samples was also
evaluated using mice cell lines HEK-Blue™ mTLR4 and RAW264.7. HEK-Blue™ mTLR4 stably
expressed TLR4/MD-2 receptor complex and was used to evaluate the level of NF-«xB activation.

Figure 3.12 below shows that the level of NF-kB activation by non-iLiNP 4 was saturated when
using HEK-Blue™ mTLR4. On the other hand, although innate immune activity was confirmed
for all LNPs samples, there were no observable differences compared to the human system. Next,
the ability of LNPs sample to induce IL-6 cytokine was evaluated using mice macrophage RAW
264.7 by enzyme-linked immunosorbent assay (ELISA), as shown in figure 3.13.
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Figure 3.13: Evaluation of IL-6 (RAW264.7) inducing ability by LNPs containing DOTAP 17
and AfLA 4

From figure 3.13, the ability to induce IL-6 was confirmed for all samples. LNPs containing
DOPC 14 also showed slightly stronger immune activity compared to LNPs containing DSPC 13,
which was consistent with the tendency observed in experiments using human cell lines.

Item 5: in vivo evaluation of lipid nanoparticles samples containing DOTAP 17
and AfLA 4 using mice

As the purpose of this research was to evaluate the adjuvanticity of AfLA 4 in LNPs, in vivo
murine experiments were performed. The adjuvant functions of all LNP samples were evaluated

using BALB/c mice. Ovalbumin (OVA), a protein in chicken egg whites, was used as a model
antigen. For immunization purposes, OVA was simply mixed with LNPs after LNPs synthesis.
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First, to evaluate the systemic protection ability of LNPs containing AfLA 4, mice were
subcutaneously immunized with 1 pg of OVA alone, or 1 pg of OVA plus 1 pg of AfLA 4 in LNPs,
or 1 ng of OVA plus 1 pug of non-iLiNP AfL A 4. Mice were immunized twice on day 0 and day 7,
and mice serum were collected on day 14. ELISA was then performed to measure the level of
OVA-specific IgG antibody production.

To evaluate the effect of DOTAP 17 on the adjuvanticity of AfLA 4, LNPs containing different
ratios of DOPC 14 and DOTAP 17 were selected for immunization: 10:49.5 mol%, 29.7:29.7
mol% and 59.5:0 mol%.
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Figure 3.14: Enhancement of OVA-specific IgG antibodies by LNPs samples in vivo: mice (all
samples n=6) were subcutaneously immunized on day 0 and day 7 with 1 pg of OVA alone, or 1
ug of OVA plus 1 ug of AfLA 4 in LNPs, or 1 pg of OVA plus 1 ug of non-iLiNP AfLA 4. On
day 14, mice serum was collected for evaluation of IgG antibodies by ELISA

From figure 3.14, mice immunized with either LNPs containing AfLA 4 or non-iLiNP AfLA 4
showed a higher level of OVA-specific serum IgG production compared to mice immunized with
only OVA. Furthermore, all LNPs samples containing AfLA 4 showed similar level of IgG
production to non-iLiNP AfLLA 4. The immune activity of AfLA 4 in LNPs was attenuated in vitro
(figure 3.6 and 3.7) but was successfully recovered in vivo.

Additionally, from the results of in vitro experiments, samples with low DOTAP 17
concentration showed higher level of NF-«B ability and higher IL-6 inducing ability compared to
samples containing higher DOTAP 17 concentrations (figure 3.6 and 3.7). However, in vivo results
showed that in the case of subcutaneous immunization using BALB/c mice, changing the DOTAP
17 concentration had no significant effect on the ability of AfL A 4 in LNPs to induce OVA-specific

IgG.
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Next, to evaluate the ability of LNPs containing AfLLA 4 for the development of mucosal vaccine
adjuvant, BALB/c mice were intranasally immunized twice on day 0 and day 7. On day 21, mice
serum, nasal wash and bronchoalveolar lavage fluid (BALF) were collected and ELISA was then
performed to measure the level of OVA-specific IgA and IgG antibody production. For intranasal
immunization, mice were immunized with 5 ug of OVA alone, or 5 ng of OVA plus 1 pg of AfLA
4 in LNPs, or 5 ug of OVA plus 1 pg of non-iLiNP AfLA 4.
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Figure 3.15: Enhancement of OVA-specific IgA antibodies by LNPs samples in nasal wash (Top)
and BALF (bottom): mice (all samples n=4) were intranasally immunized on day 0 and day 7
with 5 pg of OVA alone, or 5 ug of OVA plus 1 pg of AfLA 4 in LNPs, or 5 pg of OVA plus 1 pg
of non-iLiNP AfLA 4. On day 21, nasal wash and BALF were collected for evaluation of IgA
antibodies by ELISA.

As shown in figure 3.15, mice immunized with either LNPs containing AfLA 4 or non-iLiNP
AfLA 4 produced more OVA-specific IgA in both upper respiratory tract (nasal wash), and lower
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respiratory tract (BALF) compared to mice immunized with OVA alone. More interestingly, all
LNPs samples showed stronger adjuvanticity compared to non-iLiNP AfLA 4. Even though the
innate immune activity of AfLA 4 in LNPs was attenuated in vitro (figure 3.6 and 3.7), in vivo
results showed a successful robust enhancement effect of IgA production compared to non-iLiNP
AfLA 4. Additionally, LNPs containing DOPC 14 and DOTAP 17 at 10:49.5 mol% showed the
strongest mucosal adjuvant function. Next, the ability of LNPs containing AfLA 4 to induce
systemic antibody production via intranasal immunization were also evaluated.
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Figure 3.16: Enhancement of OVA-specific antibodies by LNPs samples in serum: IgG (Top) and
IgA (bottom): mice (all samples n=4) were intranasally immunized on day 0 and day 7 with 5 pg
of OVA alone, or 5 pg of OVA plus 1 pg of AfLA 4 in LNPs, or 5 pg of OVA plus 1 pg of non-
iLiNP AfL A 4. On day 21, mice serum was collected for evaluation of IgA and IgG antibodies by
ELISA.

From figure 3.16, the results of serum antibodies production were similar to antibodies
production in nasal wash and BALF. LNPs containing DOPC 14 and DOTAP 17 at ratio 10:49.5
mol% showed the strongest production of both IgA and IgG antibodies, even stronger than non-
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iLINP AfLA 4. These results demonstrated that LNPs containing AfLA 4 could be promising
candidates for mucosal vaccine adjuvants, capable of inducing both systemic and mucosal immune
protection.

Section 4: Development of lipid nanoparticles containing Alcaligenes
faecalis lipid A by modification of surface charge

Item 1: Preparation of lipid nanoparticles containing different surface charges

In the previous section, the cationic lipid DOTAP 17 was used for the synthesis of LNPs. The
advantages of DOTAP 17 are its ability to anchor AfLA 4 into LNPs lipids compartments by
electrostatic interaction with the negative charge of AfLA 4, and to promote adsorption of LNPs
to the negatively charged cell membrane. This could ensure that both AfLLA 4 and antigen reached
the same antigen-presenting cells, leading to efficient T cell activation [117]. On the other hand, it
was reported that cationic LNPs were unstable in storage and showed high level of cytotoxicity in
vitro and in vivo [119][120].

In this section, LNPs containing either anionic DOPG 19 or ss-OP 20 were also prepared (figure
3.17). Anionic LNPs were reported to demonstrate greater stability in blood and lower cytotoxicity
compared to cationic LNPs [121]. On the other hand, ss-OP 20 is a pH-responsive and reducing
condition-responsive lipid [142]. As ss-OP possesses a tertiary amine head group instead of a
quaternary amine, it has no charge under neutral conditions in the blood. When ss-OP 20 was taken
up into the cells by endocytosis and transported to the endosomes, it became cationic due to the
weakly acidic conditions within the endosome. Additionally, ss-OP 20 should also respond to the
reducing conditions in the cells by cleaving the disulfide bond of its head group to generate a thiol.
This thiol could attack the ester of the linker connecting the acyl chain with the head group,
promoting the decomposition of the LNPs and releasing the vaccine material.
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Figure 3.17: Structure of DOTAP 17, DOPG 19 and ss-OP 20
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Similar to the LNPs prepared in the previous section, the concentrations of cholesterol 15 (38
mol%), DMG-PEG 2000 16 (1.5 mol%) and AfLA 4 (1 mol%) were kept constants for all samples.
To evaluate the effects of surface charge, DOPC 14 were used for all samples and kept constant at
10 mol%. DOTAP 17 or DOPG 19 or ss-OP 20 were used at 49.5 mol%. Table 3.3 below shows
the physical properties of the LNPs synthesized by iLiNP.

Table 3.3: Properties of LNPs with different surface charges

AfLA=1
mol%
Cholesterol = | DSPC:DOTAP | DOPC:DOTAP DOPC:DOPG DOPC:ss-OP
38 mol% 10:49.5 mol% 29.7:29.7 mol% 49.5:10 mol% 59.5:0 mol%
DMG-PEG =
1.5 mol%
' ! o.Ml ,e ¢ ¢ SENSe
Aolobel| Wl | ol | ol | N
i i 2o SE F Zo. S8 e, -
O O 8| o YR | e NS
:DOTAP DOPG ss-OP; ® ® ©
Peak: 42.5 + Peak: 44.8 + Peak: 25.9 + Peak: 43.9 +
3.35 nm 3.46 nm 1.77 nm 3.59 nm
DLS PI: 0.346 + PI: 0.378 + PI: 0.314 + PI: 0.282 +
0.0521 0.0415 0.0241 0.0291
Zeta: +29.1 £+ Zeta: +27.5 + Zeta: -30.5 £ Zeta: -17.4 £
3.57 mV 2.55mV 1.04 mV 3.24 mV

From table 3.3 above, all LNPs had size <100 nm, which should be optimal for the purpose of
drug delivery as it prolongs circulation time and prevents clearance [116][111]. The PI values were
also relatively low, and the zeta potential reflected the surface charges of the lipid compositions.
The in vitro and in vivo experiments were then performed using these samples.

Item 2: in vitro evaluation of lipid nanoparticles samples with different surface
charges

The innate immune function of all LNPs samples containing AfLA 4 were evaluated using HEK-
Blue™ hTLR4 and THP-1 cell lines. First, the level of NF-kB activation was evaluated by the
SEAP reporter assay using HEK-Blue™ hTLR4 cells. As shown in figure 3.18 below, LNPs that
contained anionic DOPG 19 and pH-responsive ss-OP 20 showed stronger innate immune activity
compared to LNPs containing DOTAP 17. However, all LNPs containing AfLLA 4 still showed a
weaker immune function compared to non-iLiNP AfLA 4.
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The ability of LNPs samples to induce IL-6 (MyD88-dependent) and MCP-1 (TRIF-dependent)
were also evaluated using PMA-differentiated THP-1 cells by ELISA. Figure 3.19 below shows
that LNPs containing DOPG 19 and ss-OP 20 showed higher level of IL-6 induction compared to
DOTAP 17 LNPs. This result was in accordance with the result of NF-«kB activation. However, E.
coli LPS still induced the highest level of IL-6 induction.
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Figure 3.18: Evaluation of NF-kB (HEK-Blue™ hTLR4) activation by LNPs with
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Figure 3.20: Evaluation of MCP-1 (THP-1) inducing ability by LNPs with different surface
charges

Interestingly, figure 3.20 above shows that LNPs containing DOPC 14 and DOTAP 17 at 10:49.5
mol% had the strongest MCP-1 induction ability compared to the other LNPs samples and
compared to non-iLiNP AfLLA 4. This was completey different from the result of IL-6 induction
and NF-«kB activation (figure 3.18 and 3.19), where DOPC 14/ DOTAP 17 LNPs showed weaker
immune activity compared to LNPs containing DOPG 19 or ss-OP 20.

From the IL-6 and MCP-1 result, LNPs containing DOPC 14/DOTAP 17 exhibited a TRIF-
biased selectivity in TLR4 signaling. It is known that MyD88-dependent signaling is associated
with TLR4 activation at the cell surface, whereas TRIF-dependent signaling occurs after TLR4 is
internalized into endosomes. The results of IL-6 and MCP-1 suggested the possibility that TLR4
signaling could be influenced by the surface charges of LNPs.

[tem 3: in vivo evaluation of lipid nanoparticles samples with different surface
charges using mice
To evaluate the adjuvanticity of LNPS containing AfL A 4, in vivo experiments were performed

using BALB/c mice and OVA was used as the antigen. For immunization purposes, OVA was
mixed with LNPs after the preparation of LNPs.

To evaluate the systemic immune response of LNPs with different surface charges, mice were
subcutaneously immunized with 1pug of OVA alone, or 1 ug of OVA plus 1 pg of AfLA 4 in LNPs,
or 1 ng of OVA plus 1 pug of non-iLiNP AfL A 4. Mice were immunized twice on day 0 and day 7,
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and mice serum was collected on day 14. ELISA was then performed to measure the level of OVA-
specific IgG antibody production.

2 OVA-specific IgG in Serum (subcutaneous injection)
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Figure 3.21: Enhancement of OVA-specific IgG antibodies by LNPs samples in vivo: mice (all
samples n=6) were subcutaneously immunized on day 0 and day 7 with 1 ug of OVA alone, or
1 ng of OVA plus 1 pg of AfLA 4 in LNPs, or 1 pg of OVA plus 1 pg of non-iLiNP AfLA 4.
On day 14, mice serum was collected for evaluation of IgG antibodies by ELISA.

As shown in figure 3.21, mice immunized with either LNPs containing AfLLA 4 or non-iLiNP
AfLA 4 showed a higher level of OVA-specific serum IgG production compared to mice
immunized with only OVA. Interestingly, LNPs sample containing DOPC 14 and ss-OP 20 at
10:49.5mol% showed slightly stronger IgG production compared to non- AfLA 4. Even though
the innate immune activity of AfLA 4 in LNPs was attenuated in vitro (figure 3.18), its immune
function was recovered in vivo and LNPs successfully induced OVA-specific serum IgG
production at a comparable level to non-iLiNP AfLA 4. Additionally, no significant differences
were observed between cationic and anionic LNPs in their ability to induce serum IgG production.

The effects of lipid compositions on IgG subclass induction were also evaluated. Cationic LNPs
were reported to increase the stimulation of Thl-type response and enhance the production of
IgG2a and 1gG3 subclass [143]. On the other hand, anionic LNPs were reported to remain in
circulation longer, leading to sustained antigen presentation and enhance antibody-mediated
response. Thus, anionic LNPs could stimulate a Th2-biased response and enhance IgG1 subclass
production.

To evaluate IgG subclass induction, the productions of OVA-specific IgG1, IgG2a, IgG2b and
IgG3 were measured using LNPs containing DOTAP 17, DOPG 19 or ss-OP 20.
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Figure 3.22: Enhancement of OVA-specific IgG antibodies subclass by LNPs samples in vivo:
mice (all samples n=6) were subcutaneously immunized on day 0 and day 7 with 1 pg of OVA
alone, or 1 pg of OVA plus 1 pg of AfLA 4 in LNPs, or 1 pug of OVA plus 1 ug of non-iLiNP
AfLA 4. On day 14, mice serum was collected for evaluation of IgG antibodies subclass by
ELISA. Top: IgG1 (Left), IgG2a (Right); Bottom: IgG2b (Left), IgG3 (Right).

From figure 3.22, it could be observed that LNPs containing ss-OP 20 induced the highest level
of IgG2b and IgG3 titer (Th1-type) than non-iLiNP AfLLA 4 and other LNPs samples. However,
the major subclass induced by ss-OP 20 LNPs were still IgG1, which is Th2-biased. Additionally,
all LNPs samples showed stronger 1gG3 production compared to non-iLiNP AfLA 4.

The dominant production of IgG1 (Th2-biased) suggested that LNPs containing ss-OP 20 were
stable in circulation, enabling sustained antigen presentation and enhancing antibody-mediated
response. On the other hand, one possible hypothesis for the high IgG2b and IgG3 titer (Th1-type)
was that the inclusion of ss-OP 20 may promote endocytosis by APCs, facilitating better cross-
presentation of antigen via MHC-I pathway.

The mucosal adjuvant functions of LNPs were also evaluated. BALB/c mice were intranasally
immunized twice on day 0 and day 7. On day 21, mice serum, nasal wash and bronchoalveolar
lavage fluid (BALF) were collected and ELISA was then performed to measure the level of OVA-
specific IgA and IgG antibody production. For intranasal immunization, mice were immunized
with 5 pug of OVA alone, or 5 pg of OVA plus 1 pg of AfLA 4 in LNPs, or 5 pg of OVA plus 1 pg
of non-iLiNP AfLA 4.
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Figure 3.23: Enhancement of OVA-specific IgA antibodies by LNPs samples in nasal wash
(Top) and BALF (bottom): mice (all samples n=4) were intranasally immunized on day 0 and
day 7 with 5 pg of OVA alone; or 5 pg of OVA plus 1 pg of AfLA 4 in LNPs; or 5 ug of OVA
plus 1 pg of non-iLiNP AfLA. On day 21, nasal wash and BALF were collected for evaluation
of IgA antibodies by ELISA.

From figure 3.23, mice immunized with either LNPs or non-iLiNP AfL A 4 produced more OVA-
specific IgA in both upper and lower respiratory tract. Interestingly, LNPs containing DOPC 14
and DOTAP 17 (10:49.5 mol%) and LNPs containing DOPC 14 and ss-OP 20 both showed
stronger adjuvanticity compared to non-iLiNP AfLA 4. This was also different from the result of
serum IgG production from subcutaneous immunization, where only LNPs containing ss-OP 20
had a higher IgG titer compared to non-iLiNP AfLA 4 (figure 3.21). Next, the ability of LNPs
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containing AfL A 4 to induce systemic antibody production via intranasal immunization was also
evaluated.
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Figure 3.24: Enhancement of OVA-specific antibodies by LNPs samples in serum: IgG (Top)
and IgA (bottom): mice (all samples n=4) were intranasally immunized on day 0 and day 7 with
5 ng of OVA alone; or 5 pg of OVA plus 1 pug of AfLA 4 in LNPs; or 5 ug of OVA plus 1 pg of
non-iLiNP AfLLA 4. On day 21, nasal wash and BALF were collected for evaluation of IgA
antibodies by ELISA.

From figure 3.24, LNPs containing DOTAP 17 or ss-OP 20 showed the strongest production of
serum IgG antibodies and IgA antibodies, even stronger than non-iLiNP AfLA 4. These results
were consistent with the results of IgA antibodies production in the respiratory tract (nasal wash
and BALF, figure 3.23). Taken everything into account, LNPs containing DOPC 14/DOTAP 17
and DOPC 14/ss-OP 20 at 10:49.5 mol% were two compositions that showed slightly stronger
adjuvanticity than other formulations. They can be selected for further evaluation on their ability
to act as effective mucosal vaccine adjuvants to induce both systemic and mucosal immune

response.
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Section 5: Evaluation of lipid nanoparticles stability in storage and after
lyophilization

In addition to in vitro and in vivo evaluations of LNPs, the stability of LNPs over long-term
storage and after lyophilization were also investigated for future research. First, quantitative
analysis using LC/MS were performed at 1 day after synthesis and 1 month after synthesis where
LNPs samples were stored at 4°C.

Table 3.4: Quantification of AfLA 4 in LNPs samples by LC/MS after 1 month in storage

AfLA =1 mol%
Cholesterol = 38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = 1.5 mol% mol% mol% mol% mol%
DSPC:DOTAP = x:y mol%
T . o -
e W ol | e | M
1 pspc . | 27 S > Z
o TS| I | N | S
; () DOTAP : @ @ ®
. . . o
Lipid A retention %o (1 91.2% 82.0% 67.8% 67.5%
day after synthesis)
. . . o
Lipid A retention % (1 87.5% 83.5% 65.8% 70.5%
month after synthesis)
AfLA =1 mol%
Cholesterol = 38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = 1.5 mol% mol% mol% mol% mol%
DOPC:DOTAP = a:b mol%
T oaa o Mldzre U
I & 1 « 3F
E DOPC i 2 NN 7 S 7
S TR | RS | TR
i () DOTAP; ® ® @
. . < o
Lipid A retention % (1 74.3% 78.6% 58.5% 60.3%
day after synthesis)
. . < o
Lipid A retention % (1 72.4% 75.6% 62.5% 60.1%
month after synthesis)

From table 3.4 above, it could be observed that after 1 month storage at 4°C, there were almost
no changes in lipid A retention%. In the future, the retention of OVA in LNPs after 1 month storage
will also be evaluated. Next, the changes in physical properties of LNPs after 1 month storage at

4°C were evaluated.
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Figure 3.25: Physical properties of DSPC 13/DOTAP 17 LNPs after 1 month in storage
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Figure 3.26: Physical properties of DOPC 14/DOTAP 17 LNPs after 1 month in storage
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Figure 3.25 showed the changes in physical properties of LNPs containing DSPC 13 and DOTAP
17 after 1 month in storage at 4°C. Although all LNPs showed a small increase in size, there were
almost no significant changes in PI or Zeta potential over time. Similarly, LNPs containing DOPC
14 and DOTAP 17 also showed a small increase in size after 1 month in storage, but no significant
changes in PI or zeta potential (figure 3.26). The levels of NF-kB activation of LNPs samples after
1 month storage were also evaluated as shown in figure 3.27 below.
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Figure 3.27: Evaluation of NF-xB (HEK-Blue™ hTLR4) activation by LNPs containing
DOTAP 17and AfLA 4 after 1 day (Top) and 1 month (Bottom) in storage at 4°C

From figure 3.27, it could be observed that there were no changes in innate immune activity of
all LNPs samples after 1 month in storage at 4°C. This confirmed that the LNPs were stable up to
1 month in this condition.

In addition to evaluating the stability of LNPs in storage, the stability of LNPs after
lyophilization was also investigated. Samples were desalted and washed with 5% sucrose before
lyophilized. Samples were then reconstituted in PBS, and their physical properties were examined.

64



Table 3.5: Physical properties of DSPC 13/DOTAP 17 LNPs before and after lyophilization
(measured by DLS)

AfLA =1 mol%
Cholesterol = 38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = 1.5 mol% mol% mol% mol% mol%
DOPC:DOTAP = a:b mol%
"""" aA | oo \
. |||6|ﬂ ; _$§ ~ ® %6%@
i DOPC i 2 S
0 AR 2‘2’%6%\%‘
. () DOTAP i )
. Before 45 nm 38 nm 39 nm 23 nm
Size (nm)
After 60 nm 56 nm 70 nm 38 nm
Po]ydispersity Before 0.41 0.37 0.42 0.29
index After 0.46 0.41 0.38 0.35
Zeta potential Before +18 +10 +3 -8
(mV) After +13 +6 +2 -11

Table 3.6: Physical properties of DOPC 14/DOTAP 17 LNP before and after lyophilization
(measured by DLS)

AfLA =1 mol%

Cholesterol = 38 mol% 10:49.5 29.7:29.7 49.5:10 59.5:0
DMG-PEG = 1.5 mol% mol% mol% mol% mol%
DSPC:DOTAP = x:y mol%
5' """""""" i ® @ (
= e . | | W
DSPC | = RS =
e | T | S| N
() DOTAP ®
Before 55 nm 90 nm 85 nm 54 nm
Size (nm)
After 120 nm 110 nm 102 nm 60 nm
Polydispersity Before 0.45 0.28 0.31 0.29
index After 0.47 0.30 0.33 0.33
Zeta potential Before +20 +12 +3 -10
(mV) After +15 19 +2 -13
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From table 3.5 and table 3.6, it was observed that after lyophilization, all LNPs samples showed
an increase in size, possibly due to aggregation during the lyophilization process. However, there
were almost no significant differences in PI and zeta potential. The innate immune activity of
samples was also examined to see if the process of lyophilization could affect the immune function
of AfLA 4 in LNPs (figure 3.28). Even though there was an increase in size for all samples after
lyophilization, there were no significant effects on the innate immune activity of samples.
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Figure 3.28: Evaluation of NF-xB (HEK-Blue™ hTLR4) activation by LNPs containing
DOTAP 17 and AfLA 4 before lyophilization (Top) and after lyophilization (Bottom)

Section 6: Discussion and conclusion

Alcaligenes faecalis (A. faecalis) lipid A (AfLA 4) was previously synthesized by our laboratory
and showed remarkable results as a mucosal vaccine adjuvant candidate. In intranasal
immunization studies using mice, it showed a stronger enhancement effect on mucosal IgA
production compared to both MPLA (an adjuvant derived from Sa/monella bacterium) and cholera
toxin (a well-known immunogen for mucosal IgA production) [104][105][106][107].

Inspired by the ASO series developed by GSK which combined liposomes delivery system with
the monophosphoryl lipid A 3D-MPL 3 and by mRNA LNPs vaccines that were popularized during
the COVID-19 pandemic, this chapter focused on the development of LNPs containing AfLA 4 as
vaccine adjuvant materials. Additionally, based on the results of previous chapter which showed
that the introduction of amphipathic compounds can modulate the innate immune activity of lipid
A, this chapter investigated how to synergistically enhance the immune function of AfLA 4 in
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LNPs using different amphipathic compounds. Finally, this chapter evaluated the efficacy of LNP
vaccines in mice.

First, the effects of changing the ratio between neutral lipid DSPC 13 or DOPC 14 and cationic
lipid DOTAP 17 on the immune function of AfLA 4 in LNPs were evaluated. The results of in vitro
experiments using human cell lines showed that all LNPs could elicit an immune response, but the
levels of response were weaker than non-liposome AfLA 4 (figure 3.6 and 3.7). This could be
explained by the physical encapsulation of AfLA 4 in the lipid compartments of LNPs as well as
PEGylation using DMG-PEG 16, which could hinder the accessibility of AfLA 4 by LBP and
TLRA4.

Based on figure 3.6, in vitro experiments showed that LNPs containing high DOTAP 17
concentrations showed a suppression in immune activity. This could be explained by the
electrostatic interaction between positive charge of DOTAP 17 and negative charge of AfLA 4,
which could anchor AfLLA 4 more tightly inside LNP lipid compartments and prevent interaction
of AfLA 4 with LBP and TLR4. Additionally, LNPs containing DOPC 14 showed slightly stronger
innate immune activity compared to LNPs containing DSPC 13 (figure 3.6). This result was similar
to the findings of previous chapters, where the presence of unsaturated acyl chain decreased the
stability of LNPs and allowed easier interaction of AfLA 4 with LBP and TLR4.

Figure 3.29 and 3.30 below shows the correlation between surface charge of LNPs (zeta
potential) with LNPs innate immune activity. In both figures, as the concentration of DOTAP 17
increased, the value of zeta potential also increased. The positive charge of DOTAP 17 could
electrostatically interact with AfLA 4 negative charge, and anchored AfL A 4 more tightly into the
LNP, which led to a decrease in presentation of AfLA 4 to LBP and TLR4. Therefore, a decrease
in LNP immune function was observed as DOTAP 17 concentration increased.

On the other hand, for LNPs containing DSPC 13 and DOTAP 17 (figure 3.29), there was no
clear correlation between the size of LNP and the innate immune activity of AfLA 4 in LNPs.
However, in the case of LNPs containing DOPC 14 and DOTAP 17 (figure 3.30), as the
concentration of DOTAP 17 increased, the sizes of the LNPs formed also increased, and the
activity of LNPs decreased.
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Figure 3.29: Correlation between LNPs size/ zeta potential and LNPs in vitro immune activity
for LNPs containing DSPC 13/ DOTAP 17

One possible explanation why DSPC 13 and DOPC 14 LNPs behaved differently regarding size
change with respect to change in DOTAP 17 concentration was due to the difference in their lipid
phase behavior. At physiological temperature, DOPC 14 has a fluid, disordered structure that
formed loosely packed bilayers while DSPC 13 has a gel-phase structure that formed tightly
packed bilayers. When DOTAP 17 was introduced to the fluid DOPC 14 bilayer, electrostatic
repulsion between DOTAP 17 molecules led to swelling of LNPs size. In contrast, the rigid
structure of DSPC 13 bilayer may resist changes in swelling by electrostatic repulsion when
DOTAP 17 was introduced [144].
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Figure 3.30: Correlation between LNPs size/ zeta potential and LNPs in vitro immune activity
for LNPs containing DOPC 13/ DOTAP 17

Afterwards, the effects of changing the concentration of DOTAP 17 on the immune activity of
LNPs containing AfLA 4 were evaluated in vivo using ovalbumin (OVA) as the model antigen.
Specifically, LNPs containing three different ratios of DOPC 14 and DOTAP 17 were administered
to mice subcutaneously or intranasally. After subcutaneous injection, all LNPs containing AfLA 4
showed similar level of serum OVA-specific IgG production compared to non-iLiNP AfLA 4
(figure 3.14). The immune activity of AfLA 4 in LNPs was attenuated in vitro but successfully
recovered in vivo. There were a few factors that could explain the difference between in vitro and
in vivo results. In the case of in vivo, LNPs could be taken up by antigen-presenting cells more
efficiently due to mechanisms like opsonization and phagocytosis, which improved the delivery
of LNPs AfL A 4 to immune cels [145]. Furthermore, by using LNPs as a delivery vehicle, AfLA
4 was protected from degradation by enzymes or clearance by the bloodstream. Additionally, the
factor of controlled release should also be considered. The gradual release of AfLA 4 from LNPs
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could lead to a sustained activation of immune cells over time, thus leading to a stronger immune
response compared to in vitro activation [146].

After intranasal immunization, all LNPs containing DOPC 14 and DOTAP 17 showed an even
stronger mucosal adjuvanticity compared to non-iLiNP AfLLA 4, eliciting higher IgA titers in both
upper respiratory tract (nasal wash) and lower respiratory tract (BALF) (figure 3.15). To explain
the differences in results between subcutaneous and intranasal immunizations, there could be a
few reasons. Intranasal immunization directly targeted the mucosal-associated lymphoid tissue
(MALT), where LNPs could adhere to the mucosal epithelium and readily taken up by dendritic
cells and macrophages, facilitating antigen presentation [147]. Additionally, non-iLiNP AfLA 4
may be more susceptible to degradation by enzymes in the nasal cavity compared to the protection
provided by the LNPs delivery vehicle. Finally, intranasal immunization allowed for efficient
lymph node targeting. LNPs could deliver AfLA 4 to the draining cervical lymph nodes, which
should enhance the level of mucosal and systemic immunity [148].

Next, the effects of surface charges on the immune function of AfLA 4 in LNPs were examined
using cationic DOTAP 17, anionic DOPG 19 and pH-responsive ss-OP 20. The results of in vitro
experiments showed that LNPs containing DOPG 19 or ss-OP 20 stimulated a higher level of NF-
kB activation and higher IL-6 inducing ability compared to LNPs containing DOTAP 17 (figure
3.18 and 3.19). This may be explained by the electrostatic interaction between the positive charge
of DOTAP 17 and negative charge of AfLA 4, which could anchor AfLA 4 more tightly in the
lipids compartments of LNPs. This could hinder the ability of AfLA 4 to interact with LBP and
TLR4.

The possibility of selective activation of TLR4 signaling by LNPs with different compositions
was evaluated by comparing MyD88-dependent IL-6 and TRIF-dependent MCP-1 (figure 3.19
and 3.20). LNPs containing DOPC 14 and DOTAP 17 at 10:49.5 mol% induced stronger MCP-1
activation compared to other LNP samples, but weaker IL-6 activation compared to LNP
containing DOPG 19 or ss-OP 20.

It is known that MyD88-dependent signaling is associated with TLR4 activation at the cell
surface, whereas TRIF-dependent signaling occurs after TLR4 is internalized into endosomes.
Cationic DOTAP 17 could promote enhanced endocytosis of LNPs, and once inside the cell,
destabilization of LNPs could lead to better exposure of AfLA 4 to endosomal TLR4/MD-2
receptor complex. However, an enhancement of endocytosis might limit the time AfLA 4 spent
interacting with surface TLR4, which reduced MyD88-dependent signaling. Based on these results,
there is a possibility to control either MyD88-dependent or TRIF-dependent TLR4 pathway by
modification of LNPs surface charges.

The effects of LNPs surface charges on the adjuvanticity of AfLA 4 in LNP were evaluated by
both subcutaneous injection and intranasal immunization with OVA as the antigen. In the case of
subcutaneous injection, LNPs containing ss-OP 20 showed the strongest level of serum OVA-
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specific IgG production, even higher than non-liposome AfLA 4 (figure 3.21). The immune
activity of AfLA 4 in LNPs, which was attenuated in vitro (figure 3.18), was recovered in vivo and
led to an enhancement of antibodies production. One possible explanation was that non-iLiNP
AfLA 4 was more prone to degradation by enzymes and clearance from the bloodstream.

The effects of lipids compositions on IgG subclass induction were also evaluated. LNPs
containing ss-OP 20 induced the highest level of IgG2b and IgG3 titer (Th1-type) than non-iLiNP
AfLA 4 (figure 3.22). It could be hypothesized that the structure of LNPs provide protection for
AfLA 4 from degradation, which should ensure a prolonged exposure to immune cells and may
lead to a robust class switching to 1gG2b and 1gG3 [149].

Finally, the results of intranasal immunization showed that LNPs containing DOPC 14/DOTAP
17 and DOPC 14/ss-OP 20 (10:49.5 mol%) both induced higher levels of OVA-specific IgA
production compared to non-iLiNP AfLLA 4 (figure 3.23). While future experiments are necessary
to understand the mechanisms behind the efficacy of these vaccine formulations, one possible
hypothesis was that intranasal immunization directly targeted the MALT so LNPs could adhere to
the mucosal epithelium [147]. LNPs could then be readily taken up by DCs and macrophages,
which should lead to an efficient antigen presentation to T cells.

In conclusion, while the results of in vitro experiments showed that all LNPs samples had lower
innate immune activity compared to non-iLiNP AfLLA 4, in vitro results showed that many LNPs
samples had higher adjuvanticity than non-iLiNP AfLA 4. Specifically, LNPs containing DOPC
14/DOTAP 17 and DOPC 14/ss-OP 20 at 10:49.5 mol% were two compositions that showed
slightly stronger adjuvanticity compared to other formulations. As the results of these experiments,
these two are selected for further evaluation on their mucosal vaccine adjuvant functions.
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Chapter 4: Summary and Future Outlook

Section 1: Summary

The host innate immune system can be activated by either pathogen-associated molecular
patterns (PAMPs) derived from bacteria, viruses, fungi, etc. or by damage-associated molecular
patterns (DAMPs) released from damage or dying cells [12][51]. Lipopolysaccharides (LPS) and
their active center glycolipid lipid A (such as E. coli lipid A 1 or A. faecalis lipid A 4) are
representative PAMPs from Gram-negative bacteria and recognized by host’s TLR4/MD-2
receptor [38][39].

In aqueous environment, lipid A tends to form aggregates due to its amphipathic nature. Our
previous studies in collaboration with a German group had highlighted that the formation of
aggregates containing lipid A 1 and cardiolipin (CL, C18:2) 2 could significantly affect lipid A 1
innate immune activity [55]. In this study, to evaluate the effects of aggregate compositions and
state of mixed aggregates on lipid A 1, simple amphipathic fatty acids 5-12 were used to modify
lipid A 1 aggregate.

To prepare mixed aggregates of lipid A 1 and fatty acids 5-12, two different sample preparation
methods were employed: simple mixing method (SMM) or homogenous mixing method (HMM).
SMM samples were expected to form a mixture of two distinct aggregates composed of single
components: lipid A 1-only aggregates and fatty acids-only aggregates, whereas HMM samples
were expected to predominantly form mixed aggregates composed of both lipid A 1 and fatty acid.

Innate immunity activity was measured using HEK-Blue™ hTLR4 cell line, which stably
expressed TLR4/MD-2 receptor complex. This was different from previous studies about fatty
acids which used cell lines that expressed multiple receptors.

When HEK-Blue™ hTLR4 cells were treated with only fatty acids, all saturated and unsaturated
fatty acids 5-12 showed no innate immune activity, which suggested that they were not agonistic
ligands of TLR4/MD-2 receptor complex (figure 2.3, 2.4). SMM samples that contained lipid A 1
and one fatty acid (chosen from fatty acids 5-12) also showed no changes in the immune function
of lipid A 1. However, HMM samples that contained saturated stearic acid (C18:0) 5 or palmitic
acid (C16:0) 6 or myristic acid (C14:0) 7 or lauric acid (C12:0) 8 showed a concentration-
dependent attenuation effect that decreased as acyl chain length decreased from 18 carbons of
stearic acid 5 to 12 carbons of lauric acid 8 (figure 2.3). This was possibly because the longer chain
length enhanced Van der Waals force, which led to tighter packing and formed more stable
aggregates. Van der Waals force decreased as chain length decreased, so lipid A 1 became more
exposed to lipid-binding protein (LBP) and TLR4.

On the other hand, HMM samples that contained unsaturated oleic acid (C18:1) 9 or linoleic
acid (C18:2) 10 or linolenic acid (C18:3) 11 or docosahexaenoic acid (DHA, C22:6) 12 showed
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an attenuation effect at higher fatty acid to lipid A concentration ratio, and a boosting effect at
lower concentration ratio (figure 2.4). The attenuation effect decreased as the degree of
unsaturation increased from one double bond of oleic acid 9 to three double bonds of linolenic acid
11. One possible reason was that the additional double bonds introduced more kinks to the fatty
acid chains, which disrupted the aggregate packing and increased lipid A 1 accessibility to LBP
and TLR4. Poly-unsaturated fatty acids could also insert themselves into membrane, increasing
membrane fluidity and promoting the recruitment of TLR4.

As fatty acids 5-12 did not suppress lipid A 1 activity by competitively inhibited MD-2 binding
pocket (based on SMM results), an alternative mechanism by which fatty acids 5-12 could
modulate the immune function of lipid A 1 should be considered. One possible explanation was
that lipid A 1 activity could be influenced by the structures of its aggregate, so structural
evaluations were then performed using dynamic light scattering (DLS) and transmission electron
microscopy (TEM).

Moreover, it was observed that the immune function of lipid A 1 changed depending on three
factors: 1) sample preparation method (SMM or HMM); 2) type of fatty acids (saturated or
unsaturated); 3) concentration ratios of fatty acids to lipid A. Therefore, it was hypothesized that
modifying any of these three factors could alter the structural properties of the aggregates formed,
which required structural evaluation by DLS and TEM to verify (table 2.2, 2.3).

First, the structural properties of HMM and SMM samples were compared. HMM samples
showed a higher degree of homogeneity where samples rearranged into large, relatively
homogenous aggregates structures, while SMM samples formed many small size aggregates and
large amorphous aggregates (table 2.2). These amorphous aggregates may be structurally unstable
and easy to collapse, which allowed lipid A 1 to be available to LBP and TLR4. On the other hand,
the relatively homogenous morphology of HMM samples suggested that fatty acids and lipid A 1
may be structurally integrated into mixed aggregates, and the tighter packing led to a more rigid
structure and prevented the presentation of lipid A 1 to LBP and TLR4.

At fatty acid:lipid A 10:1 concentration ratio, the HMM samples of stearic acid 5 or linoleic acid
10 both showed large, relatively homogenous aggregates. However, at 0.1:1 fatty acid:lipid A
concentration ratio, many small aggregates and large amorphous aggregates were observed for
HMM samples of linoleic acid 10 (table 2.3). It was possible that this morphology had lower
stability and was easier to collapse, which led to the easier transfer of lipid A 1 to TLR4/MD-2
receptor complex via LBP.

From these results, it was shown that aggregate compositions and state of mixed aggregates
could regulate the immune function of lipid A 1. These findings were then utilized in the
development of LNPs containing lipid A as vaccine adjuvant materials, which incorporating
more complex amphipathic compounds.
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However, E. coli lipid A 1 is unsuitable as adjuvant as it overstimulates both the MyD88-
dependent and TRIF-dependent pathway of TLR4-mediated signaling cascade, leading to lethal
toxicity [50][95]. Instead, our laboratory focused on Alcaligenes faecalis (A. faecalis), a symbiotic
bacterium that colonizes the gut-associated lymphoid tissues (GALT), Peyer’s patch (PP) [99]. 4.
faecalis was found to establish and maintain a homeostatic environment in the PPs by activating
the immune system without causing harmful responses. The extracted LPS fraction from A.
faecalis showed weaker TLR4 agonistic activity than canonical E. coli LPS, and it could promote
IL-6 induction from DCs, which, in turn, enhanced IgA production without toxicity [100].

Our laboratory successfully synthesized 4. faecalis lipid A 4 (AfLA 4), the active principle of 4.
faecalis LPS. In intranasal immunization studies using mice, AfLA 4 showed a stronger
enhancement effect on mucosal IgA production compared to both MPLA (an adjuvant derived
from Salmonella bacterium) and cholera toxin (a well-known immunogen for mucosal IgA
production) [104][105][106][107].

Inspired by GSK ASO series and mRNA-based LNP COVID-19 vaccines, LNPs containing
AfLA 4 were synthesized using the microfluidic iLiNP device to function as mucosal vaccine
adjuvants [141]. Additionally, the effects of different amphipathic compounds on the immune
function of AfLA 4 in LNPs were evaluated both in vitro and in vivo.

Specifically, there were two LNPs compositions that showed slightly more promising results in
vivo: DOPC 14 and cationic DOTAP 17 (10:49.5 mol%); DOPC 14 and pH-responsive and
reducing condition-responsive ss-OP 20 (10:49.5 mol%). Although the levels of innate immune
activity of AfLA 4 in these LNPs were attenuated in vitro (lower NF-«xB activation and lower IL-
6 inducing ability) compared to non-iLiNP AfLA 4 (figure 3.6, 3.7, 3.18, 3.19), their activity
recovered in vitro. When LNPs containing AfLA 4 were intranasally immunized with the antigen
ovalbumin (OVA), they induced higher OVA-specific IgA titers in both upper (nasal wash) and
lower respiratory tract (BALF) (figure 3.23). These LNPs were also capable of inducing systemic
immune response, evidenced by the higher serum IgG and IgA titers compared to non-iLiNP AfLA
4 (figure 3.28).

There were a few factors that might explain the differences between in vitro and in vivo results.
In the case of in vivo results, LNPs could be taken up by antigen-presenting cells more efticiently
by opsonization and phagocytosis [145]. Furthermore, AfLA 4 in LNPs was protected from
degradation by enzymes, and the gradual release of AfLA 4 from LNPs could lead to a sustained
activation of immune cells over time [146]. Additionally, intranasal immunization directly targeted
the mucosal-associated lymphoid tissue (MALT), where LNPs could adhere to the mucosal
epithelium and were readily taken up by dendritic cells and macrophages, facilitating antigen
presentation [147]. Intranasal immunization might also allow for efficient lymph node targeting,
delivering AfL A 4 to the draining cervical lymph nodes, which enhanced the level of mucosal and
systemic immunity [148].
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Furthermore, selective activation of TLR4 signaling by LNPs with different compositions was
also evaluated by comparing MyD88-dependent IL-6 and TRIF-dependent MCP-1 (figure 3.19
and 3.20). LNPs containing DOPC 14 and DOTAP 17 at 10:49.5 mol% induced stronger MCP-1
activation compared to other LNP samples, but weaker IL-6 activation compared to LNP
containing DOPG 19 or ss-OP 20. As TRIF-dependent signaling occurs after endocytosis of TLR4
while MyD88-dependent signaling is associated with TLR4 activation at the cell surface, there is
a possibility that LNPs surface charges could control the signaling pathway of lipid A, targeting
either MyD88-dependent or TRIF-dependent pathway. Further studies are necessary to examine
this possibility.

In conclusion, LNPs containing DOPC 14/DOTAP 17 and DOPC 14/ss-OP 20 at 10:49.5 mol%
were two compositions that showed slightly stronger adjuvanticity than non-iLiNP AfLLA 4, and
their potential to function as effective mucosal vaccine adjuvants that can induce both systemic
and mucosal immune response should be further evaluated.

Section 2: Future outlook

For future experiments regarding the effects of aggregate compositions and state of mixed
aggregates on lipid A 1 immune function, one possibility is the usage of fluorescent or biotin-
labeled lipid A to tract its surface accessibility to LBP in different aggregate compositions. Another
possibility is binding assay to measure the direct binding of lipid A aggregates to TLR4/MD-2
receptor complex using surface plasmon resonance (SPR), which measures molecular interactions
in real time. Additionally, molecular dynamics simulations can be performed to simulate the
interactions between lipid A and different fatty acids to predict aggregate stability and lipid packing,
and how the aggregate structure might interact with TLR4/MD-2 receptor complex.

For the development of vaccine adjuvant materials containing AfLA 4, the full cytokine profile
is necessary to investigate the differences in adjuvanticity of different lipid compositions. This
includes cytokines such as IL-12, IL-10 and TNF-a, which can allow for a more comprehensive
understanding of the different T-cells polarization (Thl, Th2 and Th17). Additionally,
fluorescently labeled LNPs should be synthesized to study cellular uptake, localization and
endosomal escape in vitro by cell imaging and flow cytometry. This way, it might be possible to
investigate whether different LNPs compositions can affect the activation of endosomal TLR4
versus surface TLR4 at different degrees. Finally, stability profile as well as physical properties of
LNPs mixing with OVA need to be measured. In the future, antigens other than OVA (e.g. influenza
hemagglutinins and neuraminidase surface proteins) should also be investigated to determine the
suitability of LNPs containing AfLLA 4 as mucosal vaccine adjuvants.
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Supporting Information

Table S1: DLS and TEM results of HMM samples containing palmitic acid (C16:0) 6 or
linolenic acid (C18:2) 11

Concentratio
n Ratio
(Fatty acid : 10:1 0.1:1 10:1 0.1:1
lipid A)
Fatty acid Palmetic acid (C16:0) Linolenic acid (C18:3)
Sample
preparation HMM HMM HMM HMM
method
livi dEAffl.erfltn(l)lrllne Attenuation Attenuation Attenuation Boosting
P . effect effect effect effect
function in vitro
Peak: 475.6 £ Peak: 262.9 + Peak: 1479 + Peak: 44.3 +
DLS 32.7 20.4 17.1 15.6
PI: 0.449 + PI: 0.495 + PI: 0.365 £ PI: 0.403 +
0.0238 0.0224 0.0153 0.0299
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aggregates
300~1000 nm
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DLS of HMM and SMM samples
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LC/MS of AfLA 4 in lipid nanoparticles

LC/MS was performed using column UHPLC PEEK Column InertSustain C18 3um, 2.1x100mm.
Solvent A was 10 mM ammonia in methanol/water (8/2) and solvent B was 10 mM ammonia in
isopropanol. The eluent was collected at a flow rate of 0.2 mL/min and a linear gradient of 0% to
95% solvent B over 33 minutes.

nn,
Intens. EIC 1757.0000 Al MS

2000

1000

Experimental Section
Chemical synthesis

E. coli lipid A 1 was chemically synthesized as previously described [42]. A. faecalis lipid A 4
was chemically synthesized as previously described [102]

Materials

These chemicals were purchased from the following companies. CL (C18:2) 2 (C563), Stearic
acid 5 (NS4-10505) was purchased from Kishida Chemical Co. Ltd. Palmitic acid 6 (76119-5G),
myristic acid 7 (70079-5G), lauric acid 8 (167280050), linoleic acid 10 (L1376-1G), linolenic
acid 11 (L2376-500MG) were purchased from Sigma-Aldrich. Oleic acid 9 (151781) and
docosahexaenoic acid 12 (159097) were purchased from MP Biomedicals. CL (C18:1) 18
(710335) was purchased from Avanti Polar Lipids, Inc. E. coli LPS was purchased from
FUJIFILM Wako Pure Chemical Co. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP 17,
COATSOME CL-8181TA), 1,2-Dioleoyl-sn-glycero-3-phosphoglycerol, sodium salt (DOPG-Na
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19, COATSOME MG-8181LS), 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC 14,
COATSOME MC-8181), SS-OP 20 (COATSOME SS-OP), 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC 13, COATSOME MC-8080), and 1,2-Dimyristoyl-rac-glycero-
methoxypolyethylene-glycol-2000 (DMG-PEG 2000 16, SUNBRIGHT GM-020) was purchased
from NOF CORPORATION (Tokyo, Japan). Cholesterol 15 was purchased from Sigma-Aldrich
Co. LLC (C8667-500MG, St. Louis, US).

Sample Preparation
SMM (Simple mixing method)

E. colilipid A 1 and fatty acids 5-12 were measured and kept in separate test tube, then dissolved
in DMSO to make stock solutions. During the 2nd day of SEAP reporter assay, lipid A 1 and fatty
acids 5-12 stock solutions were sonicated for 1 minute at room temperature, before they were
separatedly diluted by saline to make 5 % DMSO in saline solution. All samples were diluted
continuously using 5% DMSO solution until the appropriate concentration. Then 12.5 uL of fatty
acids 5-12 and 12.5 uL of lipid A 1 were added to each well, which already contained HEK-Blue
hTLR4™ cells cultured in 100 uL of D(-/+) medium with 0.1% FBS (DMEM high-glucose
medium supplemented with FBS (0.1%), glutamine (2 mM), penicillin (100 units/ mL) and
streptomycin (100 ug/mL)). Final DMSO concentration in each well is 1%.

HMM (Homogenous mixing method)

E. coli lipid A 1 and fatty acids 5-12 were measured and kept in separate test tube, then dissolve
in tert-butyl alcohol (‘BuOH). All samples were diluted separately by '‘BuOH until reaching the
appropriate concentration. Then, lipid A 1 and fatty acids 5-12 were added together and
lyophilizing overnight. The next day, 200 puL of chloroform (CHCI3) was added to each tube
containing LPS/lipid A mixed with endogenous components. The tubes were sonicated for 3
minutes at room temperature, before the CHCl3 were evaporated. 'BuOH was added to each tube
and the solutions were lyophilized overnight. All the samples were then dissolved in DMSO as
stock solutions. On the 2™ day of SEAP reporter assay, the samples sonicated for 3 minutes at
room temperature before being diluted by saline to make 5% DMSO in saline solution. All samples
were diluted continuously using 5% DMSO solution until the appropriate concentration. Then, 25
uL of each sample was added to each well, which already contained HEK-Blue hTLR4™ cells
cultured in 100 uL of D(-/+) medium with 0.1% FBS (DMEM high-glucose medium supplemented
with FBS (0.1%), glutamine (2 mM), penicillin (100 units/ mL) and streptomycin (100 ug/mL)).
Final DMSO concentration in each well is 1%.

DLS

For each measurement, 25 puL of sample solution was transferred into ZEN2112 quartz cell and
measured by Zetasizer Ultra. The measurement method is “Back”, the analysis model is “General
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Purpose”, the material is “Liposome” and the dispersant is “Water”. After each measurement, the
quartz cell was washed with chloroform:methanol (1:1), and then with distilled water multiple
times. The data was then analyzed using Zetasizer software.

For zeta potential measurement, 25 pL of sample solution was mixed with 830 puL of 10 mM
HEPES (pH 7.4). 730 pL of solution was then transferred into DTS1070 cell and measured by
Zetasizer Ultra. The measurement method is “Zeta Potential”, the analysis model is “General
Purpose”, the material is “Liposome” and the dispersant is “Water”. After each measurement, the
DTS1070 cell was washed distilled water multiple times. The data was analyzed using Zetasizer
software.

TEM

The droplet of sample was placed on carbon-film grids. After incubation for 30 seconds, excess
liquid was blotted off by touching the one end of the grid with the filter paper. After the grid was
partially dried, a drop of the staining solution (gadolinium acetate in water) was added on. After
90 seconds, excess staining solution was blotted off, and the grid was dried at room temperature.
The grid was then observed by JEM 2100 electron microscopy (Osaka University) at an
accelerating voltage of 200 kV.

Biological Experiments

Materials and Reagents

HEK-Blue hTLR4™ cells were purchased from Invivogen. THP-1 cells were purchased from
JCRB Cell Bank. Dulbecco’s modified Eagle’s medium (D-MEM), antibiotic/antimycotic
supplement were purchased from FUJIFILM Wako Pure Chemical Co. Roswell Park Memorial
Institute (RPMI)-1640 was purchased from American Type Culture Collection. Phorbol 12-
myristate 13-acetate (PMA) was purchased from Focus Biomolecules. Fetal bovine serum (FBS)
was purchased from Corning. Bovine serum albumin (BSA), Tween 20 and 0.5 N aqueous HCI
were purchased from Nacalai Tesque Inc. Ovalbumin (OVA) was purchased from Sigma-Aldrich.
Horseradish peroxidaseconjugated goat anti-mouse 1gG, 1gG1, IgG2a, 1gG2b, I1gG3 and IgA was
purchased from Southern Biotech, Inc. Tetramethylbenzidine peroxidase substrate was purchased
from SeraCare Life Sciences Inc. ELISA kit for human IL-6 and MCP-1 were purchased from
Invitrogen, Thermofisher.

Mice

Female BALB/c mice (4 weeks old) were purchased from CLEA Japan, Inc. (Tokyo, Japan) and
housed under specific pathogen-free conditions at the National Institute of Biomedical Innovation,
Health, and Nutrition (Osaka, Japan). All experiments were approved by the Animal Care and Use
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Committee of the National Institute of Biomedical Innovation, Health and Nutrition, and were
conducted according to their guidelines.

Cell Culture

HEK-Blue hTLR4™ cells were cultured in D-MEM high-glucose medium supplemented with
FBS (10%) and penicillin-streptomycin (1%). THP-1 cells were cultured in RPMI-1640 medium
supplemented with FBS (10%) and penicillin-streptomycin (1%). All cells were incubated in a
humidified 5% CO- atmosphere at 37 °C.

SEAP Reporter Assay

HEK-Blue hTLR4™ cells (InvivoGen) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with high glucose, fetal bovine serum (FBS, 10%), glutamine (2 mM),
penicillin (100 units/mL) and streptomycin (100 pg/mL) in a petri dish. After three days of
incubation at 37 °C in 5% CO; atmosphere, the cells were detached using 0.25% Trypsin-EDTA
solution, and the cell concentration was estimated using an automatic cell counter. Then the cells
were diluted in DMEM high-glucose medium supplemented with glutamine (2 mM), penicillin
(100 units/mL) and streptomycin in the absence of FBS, and the cells were seeded in a 96-well
plate at a density of 2 x 10* cells/well and incubated for 20 h at 37 °C in 5% CO> atmosphere.
Thereafter, the supernatant was removed, and the cell monolayers were washed with saline. To
each well was added D-MEM high-glucose medium (100 pL) supplemented with FBS (0.1%), L-
glutamine (2 mM), penicillin (100 units/mL) and streptomycin (100 pg/mL) and treated with the
appropriate concentration of samples (dissolved in 25 pL of 5% DMSO in saline, 25 pL of 5%
DMSO in PBS, or 25 puL of PBS). After 20 h incubation in same conditions as above, supernatants
were collected. 50 puL of each sample supernatant was added to p-NPP solution in PBS (0.8 mM,
100 pL) and incubated at room temperature in the dark for 4 h. Finally, the absorbance was
measured at 405 nm spectrophotomically using plate reader.

Quantification of cytokines in THP-1 cells by ELISA

THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented
with fetal bovine serum (FBS, 10 %), glutamine (2 mM), penicillin (100 units/mL) and
streptomycin (100 pg/mL). After estimating the cell concentration using an automatic cell counter,
cells were diluted in RPMI medium supplemented with the same ingredients as above plus phorbo
myristate acetate (PMA, 0.5 uM) for differentiation. Then the cells were seeded in a 96-well plate
at a density of 6 x 10* cells/well and differentiated for 72 h. at 37 °C in 5% CO, atmosphere.
Supernatant was removed, and cell monolayers were washed with saline. To each well was added
RPMI medium (100 pL) supplemented with fetal bovine serum (FBS, 10 %), glutamine (2 mM),
penicillin (100 units/mL) and streptomycin (100 ug/mL) without PMA, and treated with the
appropriate concentration of samples (dissolved in 25 pL of 5% DMSO in saline, 25 pL of 5%
DMSO in PBS, or 25 pL of PBS). After 20 h of incubation at 37 °C in 5% CO, atmosphere,
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supernatants were collected, and the induced quantities of cytokines in the supernatant were
measured by the ELISA kit systems for IL-6 (Human IL-6 uncoated ELISA, Invitrogen), MCP-1
(Human MCP-1 uncoated ELISA, Invitrogen) in Nunc Maxisorp™ 96-well plates as provided, by
following the protocol indicated by the manufacturer in each case.

Subcutaneous immunization of mice

The immunization procedure was according to the previously reported protocol. Mice were
immunized around the thoracic area with 1 ug of ovalbumin (OVA), or 1 ug of OVA with 1 pug of
AfLA 4 in LNPs, or 1 pg of OVA with 1 pg of non-iLiNP AfLLA 4 in 200 pL of PBS on days 0 and
7. On day 14, serum was collected from mice and stored at -80 °C for measurement of OVA-
specific IgG, IgG1, IgG2a and IgG2b by ELISA.

Intranasal immunization of mice

The immunization procedure was according to the previously reported protocol. Mice were
immunized with 5 pg of OVA with or 1 pug of OVA with 1 nug of AfLA 4 in LNPs, or 1 pg of OVA
with 1 pg of non-1LiNP AfL A 4 in 30 pL of PBS on days 0, 7 and 14. Each mouse received 15 pL
of the solution in each nose. On day 21, serum was collected followed by collection of nasal wash
fluid and bronchoalveolar lavage fluid (BALF). Nasal wash was collected by creating an opening
at the trachea and forcing 200 puL PBS through the opening and the nostrils using a pipette up to
the nasal openings where the PBS is collected into an Eppendorf tube. The BALF is collected by
inserting a pipette containing 1 mL PBS through the trachea pushing it in and out the bronchi for
three times. The collected fluids were all stored at -80 °C for measurement of OVA-specific IgA
and IgG antibody responses.

Measurement of OVA-specific IgG or OVA-specific IgA by ELISA

Flat-bottom 96-well immunoplates (Thermo Fisher Scientific, Waltham, MA, USA) were coated
with 1 mg/ml of OVA diluted in PBS at 4 °C overnight. After incubation, the plates were blocked
with 1% (w/v) bovine serum albumin (BSA; Nacalai Tesque) in PBS for 2 h at room temperature.
After blocking, the plates were washed three times with PBS containing 0.05% (v/v) Tween 20
(Nacalai Tesque). Samples were 2-fold serially diluted with PBS containing 1% (w/v) bovine
serum albumin (BSA) and 0.05% (v/v) Tween 20, added to the plates, and incubated for 2 h at
room temperature. Plates were washed three times with PBS containing 0.05% and then incubated
for 1 h at room temperature with horseradish peroxidase conjugated goat anti-mouse IgG or IgA
(Southern Biotech, Birmingham, AL, USA) diluted in PBS containing 1% (w/v) BSA and 0.05%
(v/v) Tween 20. Plates were washed three times with PBS containing 0.05% Tween 20 and then
incubated for 2 min at room temperature with tetramethylbenzidine peroxidase substrate (SeraCare
Life Sciences, Milford, MA, USA); reactions were stopped by adding 0.5 N HCI (NacalaiTesque).
Absorbance at 450 nm was measured by using an iMark Microplate Absorbance Reader (Bio-Rad
Laboratories, Hercules, CA, USA).
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