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Abstract

Drug delivery systems (DDSs) have shown great promise to improve the therapeutic effect of many conventional
free drugs. Cancer treatment has been the focus of many DDSs, and as it has been recognised that the immune
system has an important role in tumour development, DDSs have also been utilized for cancer immunotherapy to

deliver immune modifiers to certain immune cells for stimulation of an immune response against the cancer cells.

The primary focus of this study is high density lipoprotein (HDL), since it has several properties which are
advantageous for DDSs, including the small size of approximately 10 nm, the long circulation half-life and high
tolerance in humans, as well as the fact that HDLs can be recognised by endogenous receptors. The HDLs can
either be isolated from blood or reconstituted from apolipoproteins such as apolipoprotein A-I (apoA-I) and lipids.
It is possible to design reconstituted HDL (rHDL) with various lipid compositions and incorporated drugs, thus

making the rHDL applicable for various biomedical applications.

Discoidal rHDLs were in this project formulated with apoA-I (purified from human plasma) and with varying lipid
composition. It was found that the rHDL could be designed to associate preferably with monocytes in whole human
blood, which can be used for cancer immunotherapy by delivering adjuvants to activate the monocytes. It was also
possible to obtain a preferred monocytes association when using rHDL with a neutral lipid composition, which is
in marked contrast to liposomes, where potentially toxic cationic lipids are required to achieve a similar effect. A
toll-like receptor 7 agonist was incorporated as the adjuvant in the rHDL, which resulted in secretion of cytokines
effective for an anti-cancer immune response when incubated in whole human blood. It was also found that the
rHDLs were capable of delivering antigen to isolated dendritic cells in a way that it could be presented to cytotoxic

T-cells that can eliminate cancer cells.

The adjuvant and antigen delivery are important for effective cancer immunotherapy. Hence, although some of the
experiments need to be confirmed explicitly by replication, the present study clearly indicates the great potential

of using rHDLs in DDSs applicable for cancer immunotherapy.
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Dansk resumé

Drug delivery systemer har vist stort potentiale til at forbedre den terapeutiske effekt af mange
konventionelle frie drugs, iseer til at udvikle forbedrede kraeftbehandlinger. Eftersom det er blevet
anerkendt, at immunsystemet har stor betydning for udvikling af en kreefttumor, er drug delivery
systemer ogsa blevet brugt til cancer immunterapi, hvor der benyttes immunaktiverende drugs til

at stimulere immunsystemet, sa det kan genkende og eliminere kraeftcellerne.

Dette projekt benytter high density lipoprotein (HDL) til at udvikle et drug delivery system,
der kan bruges til cancer immunterapi. HDL har mange egenskaber, der er fordelagtige for drug
delivery systemer, hvilket inkluderer den lille stgrrelse (~10 nm), lange cirkulationstid og hgje
tolerance i mennesker, samt at HDL kan blive genkendt af endogene cellereceptorer. HDL kan enten
blive isoleret fra blod eller rekonstitueret fra apolipoproteiner, f.eks. apolipoprotein A-I (apoA-I),
og lipider. Det er muligt at formulere rekonstitueret HDL (rHDL) med mange forskellige lipid
kompositioner og inkorporerede drugs, hvilket gor det muligt at designe rHDL til mange forskellige

biomedicinske applikationer.

Diskformet rHDL blev i dette project formuleret med apoA-I (som var oprenset fra plasma)
og med forskellig lipidkomposition. Det viste sig, at tHDL kunne blive designet til at associere
fortrinsvis med monocytter i fuldblod. Dette kan udnyttes til cancer immunterapi, hvor man med
immunaktiverende drugs kan aktivere monocytterne. HDL med neutral lipidkomposition associerede
ogsd monocytterne, hvilket er i steerk kontrast til liposomer, hvor potentielle toksiske kationske
lipider er ngdvendige for at fa lignende effekt. En toll-like receptor 7 agonist (immunaktiverende
drug) blev inkorporeret i rHDLen, hvilket resulterede i udskillelser af cytokiner, nar de blev

inkluderet i fuldblod, hvilket potentielt kunne assistere et anti-cancer immunrespons.

rHDL blev ogsa brugt til at levere antigen til isolerede dendritske celler, og det var muligt for rHDL
at levere antigenerne pa en made, sa de kunne blive praesenteret til cytotoksiske T-celler, som kan

eliminere kreeftcellerne.

Bade immunaktiverende drugs og antigener er vigtige for et effektiv anti-cancer immunrespons.
Selvom det er ngdvendigt at gentage flere af projektets eksperimenter for entydigt at bekraefte de
observerede effekter, viser studiet dog tydeligt, at der er stort potentiale i at benytte rHDL til cancer

immunterapeutiske drug delivery systemer.
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1. Introduction

Nanotechnology has during the last decades aspired a
promising novel discipline in science which is derived
from the classical scientific disciplines such as engine-
ering, physics, chemistry, and biology[?. In 1959 Ri-
chard Feymann imagined writing Encyclopedia Britan-
nica on a head of a pin, thereby exploring the possi-
bilities of nanotechnology, though the term "Nanote-
chnology"was not used until 1974[2!. Since then, there
has been an increased interest in nanotechnology, espe-
cially as a tool for optimization of electronic chips!?l,
however, other areas of science have also utilized the
manipulation of materials at the nanoscale (arbitrarily
defined 1-100 nm), and promising materials are deve-
loped in the area of biotechnology and medicine!?3!.
For example, biosensors, which are designed to detect
biological analytes, can be develop with nanomaterials
to increase their sensitivity as wells as lower their de-

tection limits down to individual molecules!4l.

The application of nanotechnology to medicine is ter-
med nanomedicine, and encompasses both therapeutic
and diagnostic applications[®>®l. For therapeutic purpo-
ses the use of nanoscaled drug delivery systems (DDSs)
have aspired as a promising method for treatment of
various diseases!>% 78! since the DDSs have the poten-
tial to improve many of the pharmacological proper-
ties of the conventional drugs, e.g. drug solubility, ra-
pid break-down of the drug in vivo and unspecific drug
delivery[67]. DDSs can be designed to deliver drugs di-
rectly to target organs thereby minimizing side-effects
associated with drug toxicity to healthy cells[™9]. Tt is
also possible to deliver two or more drugs with some
DDSs, hence, visualisation of the drug delivery can be
obtained by co-delivering imaging agents!'l. The DDSs
can be designed to alter the pharmacokinetics and bio-
distribution of drugs as well as to function as a drug re-
servoir which can release the drug continuously, hence,

it is possible to design DDSs for various applications!”.

A DDS can be designed with the purpose only to re-
lease drugs in a sustained manner thereby obtaining a
prolonged therapeutic effect, e.g. such DDS can be de-
signed using fibers!'!!, however, many DDSs are desig-

ned for intravenous administration, and nanoparticles

are often used for these applications!”. There are seve-
ral types of nanoparticles which can be used for DDSs,
and they can be modified in several ways!®/. The na-
noparticles can either encapsulate or be conjugated to
the drug, and they can be designed to deliver the drug
to a specific target [>12l. The nanoparticles can protect
the drugs from unwanted interactions with the environ-
ment, increase the stability of the drugs and they have
the possibility to increase the solubility of hydrophobic

drugs|913!.

One of the major focuses of DDSs has been cancer the-
rapy, which has shown great potential[>%1° and have
resulted in several clinically approved products 012,
The traditional cancer treatments such as surgery, radi-
ation and chemotherapy are often associated with thre-
atening side-effects due to toxicity to healthy cells!*?.
Hence, much effort have been put into development of
DDSs which can deliver chemotherapeutics directly to

the tumour thereby avoiding these side-effects 3561,

Alternatively, or complementary, to the traditional can-
cer treatments is cancer immunotherapy which has
aspired as a promising approach for cancer treat-
ment ['4. The tumour microenvironment often suppress
an effective immune response against the cancer cells,
and the principle of cancer immunotherapy is to stimu-
late the immune system to overcome this suppression

[15,16] There are various

and eliminate the cancer cells
methods which can be used for cancer immunotherapy,
for example some of the pathways which suppress the
immune response in the microenvironment can be blo-
cked ', Another interesting approach for cancer im-
munotherapy is cancer vaccine where tumour antigens
are delivered to certain immune cells which then can
initiate an immune response against cancer cells!'?.
Besides the delivering of antigen, the immune respon-
se also needs to be boosted which can be achieved by
using adjuvants such as toll-like receptor (TLR) agoni-
sts which can trigger the activation of the immune re-
sponse 718l Nanoparticle based DDSs are promising
candidates for both antigen and adjuvant delivering to

immune cells[16:17]
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The primary focus of this project is the use of reconsti-
tuted high-density lipoprotein (rHDL) as they have se-
veral advantages over other commonly used nanopartic-
les for DDSs!'9!. The rHDL mimics the biological HDL,
which is involved in the natural transport of choleste-
rol to the liver !, hence, the potential utilization of the
natural transport properties as well as the biocompa-
tibility and biodegradability which should be ensured,
illustrates the great potential of rHDLs for DDSs. The
rHDL will in this project be utilized in a novel DDS for

cancer immunotherapy.

1.1 Nanoparticles for drug delivery

In the following sections more insight will be given into
some of the approaches used for drug delivery as well
as examples of some nanoparticles commonly used for
DDSs. Thus, this will give the basic for the subsequent
discussion of the potential of using rHDL for DDSs.

1.1.1 Passive and active targeting

Nanoparticles can be designed to target the desired si-
te either passively or actively. Passive targeting of tu-
mours often utilize the enhanced permeability and re-
tention (EPR) effect. This phenomenon encompasses

two effects!3l:

e The vascular permeability of blood vessels
around tumours due to a defective endothelium,
which is permeable to both smaller and larger
molecules, including the nanoparticles. This effect
can result in an increased leakage of nanoparticles

into the tumour tissue. 3]

e The enhanced retention of macromolecules
due to poor lymphatic drainage from the tumour
tissue. Hence, the nanoparticles will not be clea-
red from the tumour tissue, and consequently ac-

cumulate here. 13l

The principles of the EPR effect are illustrated in fi-
gure 1.1. The clinically approved products for cancer
treatment are primarily based on this passive targe-
ting though several examples of more complex nano-
particles that can target tumour actively are described
in literature!'®l. The active targeting involves ligands
which can bind specifically to receptors on the cell sur-
face*2. The ligands can be antibodies, polysaccharides
or peptides which, conjugated to the nanoparticles, can
bind to certain receptors that are over-expressed on the

(131 The active and passi-

target cells, e.g. cancer cells
ve targeting can also work in combination where the
EPR effect is responsible for the accumulation of nano-
particles in the tumour tissue while the ligands on the
nanoparticles are reasonable for the receptor mediated

uptake into the cancer cells.

Although these targeting approaches are often conside-
red with respect to a more effective chemotherapeutic
cancer treatment, similar targeting principles apply for
immunotherapy as well. For example the EPR effect can
be utilized when nanoparticles with immune modifiers
are to be delivered to the tumour tissue!'6l. Immune
cells can also be targeted passively by directing them
to sites which are rich in specific types of immune cells,
e.g. smaller nanoparticles (<100 nm) can more easily

enter the lymphatic system and be directed to the

Healthy and tumour tissues
non-selective extravasation

minimum extravasation

Tumour tissue
EPR effect

Healthy tissues

Figure 1.1: Illustration of the EPR effect. (a): Small molecules, e.g. free drugs, can diffuse freely into both healthy and
tumour tissue (b): while larger molecules such as the nanoparticles only diffuse through the leaky blood vessels around the

tumour tissue and accumulate due to poor lymphatic drainage.

[13]
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lymph nodes!?3. Furthermore, ligands can be used to
actively target receptors that are specific for certain

immune cells[16:23],

1.1.2 Examples of nanoparticles used for

drug delivery

Several types of nanoparticles have shown great poten-
tial as carriers in DDSs. The drugs can be incorporated
in the nanoparticles and thus improve the therapeu-
tic effect of the drugs compared to conventional free
drugs!™l. Tt is important to consider the biocompatibi-
lity and biodegradability when designing nanoparticles
for biomedical applications. The biocompatibility en-
sures that the particles by themselves are nontoxic and
do not evoke a immune response while the biodegrada-
bility ensure that the particles can be broken down in

biological systems!3!.

In figure 1.2 three types of nanoparticles are shown.
These nanoparticles are commonly used in DDSs, and
brief insight into each of them will be given in the fol-
lowing sections. However, it must be kept in mind that
there are various other types of nanoparticles which can
be used for DDSs, e.g. gold nanoparticles or carbonna-
notubes (2%, The use of lipoproteins, and in particular
rHDL, which are the primary focus of this project will

be discussed in subsequent sections.

Polymeric nanoparticles

Figure 1.2 A show a polymeric nanoparticle. It is po-
ssible to design polymeric nanoparticles with various

polymers, and both hydrophobic and hydrophilic drugs

B)

/" hydrophiliccorona

can be incorporated[?4. Synthetic polymers are com-
monly used as the polymeric material of the nano-
particles, however, natural polymers such as prote-
ins or polysaccharides have also been considered as
potential candidates[?5]. The large variation in puri-
ty of natural polymers and the fact that they of-
ten require cross-linking which can denature the drugs
have generally made synthetic polymers the prefer-
red choice for drug delivery applications!?®!. In order
for the polymers to be applicable for biomedical ap-
plications, it is required that they are both biocom-
patible and biodegradable. There are several synthe-
tic polymers which meet this requirement for example
poly(glycolide) (PGA), poly(lactide-co-glycolide) (PL-
GA) and poly(lactide) (PLA) 1324, The size of the po-
lymeric nanoparticles can be varied between 10 nm to
1000 nm, however, typically the size is approximately
100 nm 3!, The preparation of smaller polymeric nano-
particles are more difficult due to low stability during
the polymerization process, which can result in aggre-

gation to larger particles!26!.

The polymeric nanoparticles protect the incorporated
drugs from interactions with the environment thereby
increasing their circulation half-life and making it po-
ssible to target the tumour passively by the EPR ef-
fect 1241, Tt is also possible to obtain active targeting by
attaching ligands to the surface of the polymeric nano-
particles, though this surface modification would make
the preparation more complex which can result in low
reproducibility and batch-to-batch variations that con-
sequently can make clinical transition more difficult 24,

The drugs can be released from the polymeric nano-

hydrophobiccore

©)
W@%
=
§

Wi Wf%

o

10-200nm

Polymeric nanoparticle

Micelle

Liposome

Figure 1.2: Illustration of three types of nanoparticles which can be used for DDSs. (A): Polymeric nanoparticle (image
from2°1) (B): Micelle formed from a diblock copolymer (image from!?!!) and (C): Liposome (Image from [22]).
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particles in a sustained manner, and the release profile
depends on the type of the used polymer '3, The relea-
se of drug can either be caused by diffusion of the drug
molecules through the polymeric matrix or the polymer
itself can degrade either via surface or bulk erosion, le-
ading to drug release!'®24 The possible utilization of
both targeting and a sustained release is one of the
major advantages of using polymeric nanoparticles!?°!.
However, in order to prepare the polymeric nanoparti-
cles often toxic solvents are required!?®!, which might
lead to toxicity of the final product if the preparation
is not handled carefully. Furthermore, though it is pos-
sible to incorporate hydrophilic drugs, there is a risk of
a rapid drug leakage when incubating hydrophilic drug

loaded nanoparticles with blood [29].

Although the polymeric nanoparticles have shown great
potential as carrier in DDSs, there are several limita-
tions which must be kept in mind, and other nanopar-

ticles might be more suitable for some applications.

Micelles

Micelles, as illustrated in figure 1.2 B, are small solub-
le particles which consist of amphiphilic molecules such
as diblock copolymers or lipids. In aqueous solution the
hydrophobic interaction will drive the self-assembly of
the amphiphiles into micelles with the hydrophobic part
forming the core and the hydrophilic part forming the
shell around the core, when the concentration of amp-
hiphilic molecules excess the critical micelle concentra-
tion (CMC)[?l. Hydrophobic drugs can be incorporated
in the core which obviously improve the solubility issues
of hydrophobic drugs!”l. The drug can either be physi-
cally entrapped in the core by hydrophobic interactions
or chemically conjugated to the hydrophobic part of the

polymer prior to assembly into micelles (271

Typically, amphiphilic block copolymers are used for
DDSs. They have a relatively low CMC (in the micro-
molar range) compared to classic micelles with surfa-
ctants or lipids and are able to form micelles smaller
than 100 nm %27, The micelles used for drug delivery
are typically in the size range of 10-200 nm[?®! and have
relatively narrow size distribution [2?!. The properties of
the micelles can be tuned by varying the polymer ty-
pe or length, e.g. the CMC can vary depending on the
length of the polymer chain, and some amphiphilic po-

lymers might not be able to form micelles!!. The small

size of micelles, and the fact that the size easily can be
tuned by varying the length of the polymer chains are
some of the advantages of using micelles for drug de-
livery 2], DDSs using micelles often aim to target the
tumour, and due to the small size and the hydrophilic
shell, which is typically composed of polyethylene glycol
(PEG), they are able to avoid detection by the immu-
ne system, thereby obtaining an increased circulation
time, which can result in a more effective accumulation
in the tumour due to the EPR effect 92829 The release
of drug from the micelles can be tuned by varying the
length and type of the hydrophobic part of the block

copolymer 28!,

The stability of the micelles is another important con-
cern. The micelles will dissemble when below the CMC,
which will result in instant drug release[26l. Though, it
has been found that polymeric micelles can be relati-
vely stable in serum (with a half-life of approximately
9 hours) 2!, there are several parameters concerning
the stability which need to be kept in mind when de-
signing novel micelle based drug delivery systems, e.g.
disassembly in vivo might not correlate with the CMC
measured in vitro, since protein or cells in the blood
might affect the stability of the micelles (2126,

Liposomes

A liposome is a spherical vesicle consisting of a phosp-
holipid bilayer that constitutes the shell of the liposome
which encapsulate the aqueous interior, as illustrated in
figure 1.2 C. The liposome was the first nanoparticle to
be researched as potentially nanocarrier for drugs de-
livery systems!'® and since then a great amount of
research has been using liposomes in order to devel-
op effective drug delivery systems, which have resulted
in several clinically approved products [30.31] The ba-
sis structure of the liposomes are obviously inspired by
nature, since the lipid bilayer morphology mimics the
cellular membranes %1, Hence, the liposomes are gene-
rally considered to be safe due to the biocompatibility
and biodegradability of the lipids 3.

It is possible both to deliver hydrophilic and hydrop-
hobic drugs with the liposomes since hydrophilic drugs
can be incorporated in the aqueous core while hydrop-
hobic drugs can be incorporated in hydrophobic bilay-
er!'3, The encapsulated drugs are consequently pro-

tected from undesired interaction with healthy cells

4
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which could otherwise lead to side-effects
ver, there have been some difficulties in retention of
some drugs in serum, since serum proteins can affect
the release of drugs!3!l. This is particularly true for hy-
drophobic drugs since the permeability through the li-
pid bilayer is higher for these drugs than hydrophilic
drugs 3. This problem has been addressed by loading
the drugs with a pH gradient, e.g. by using a slightly
acidic pH in the interior of the liposomes, amines of
the drugs can be loaded thus inducing a charge which
limits the possibility for drug release through the lipid
bilayer, however, the retention of some drugs are still

problematic 311,

In order to achieve longer circulation time and minimize
the uptake of the liposomes by the immune system, PE-
Gylation, i.e. coating the surface of the liposomes with
PEG, is a commonly used approach!?431, PEGylation
of the liposomes increases their circulation half-time
from minutes to hours[?”l. These so-called stealth lipo-
somes have especially proven to be useful for passive
targeting of tumours by the EPR effect, which have re-
sulted in the clinically approved product Doxil 3!, Acti-
ve targeting can be achieved by incorporation of ligands
to the lipid bilayer. However, the preparation of ligand-
targeting liposomes are more difficult to control and
can lead to poorly defined systems!3!l. Furthermore,
the incorporation of ligand can hinder the diffusion to
the target tissue, can cause recognition and elimination
by the immune system and the targeting ligand can be
deactivated by non-specific binding of serum proteins,
hence, the ligand-targeting liposomes have had limited

clinical success/30l,

The liposomes used for drug delivery systems are typi-
cally in the range of 50-450 nm 3% with approximately
100 nm sized liposomes commonly used!??l. The prepa-
ration of smaller liposomes becomes increasingly diffi-
cult, and it is very difficult, if not impossible, to obtain
liposomes smaller than 50 nm, due to a required high

degree of curvature of the lipid bilayer [26].

Clearly, there are various possibilities to modify and de-
sign the liposomes suitable for several applications by
changing the lipid composition of the liposomes, PE-
Gylation of the lipids or incorporation of ligands 3031,
For example it is possible to choose lipids which induce
a charge on the liposomes. The charge of the liposomes

can affect the interaction with the cells. Furthermore,

incorporation of cholesterol in the lipid bilayer will re-
duce the permeability of the bilayer thereby increasing
both the retention of the encapsulated drugs and the

stability of the liposomes. 30!

1.1.3 Lipoproteins for drug delivery

As the main focus of this project is HDL, a deeper in-
sight into lipoproteins in general and their applications
in DDSs will be given initially, followed by a more de-
tailed description of HDL.

Although, it is possible to achieve biocompatibility and
biodegradability with the nanoparticles presented in
the previous sections, i.e. polymeric nanoparticles, mi-
celles and liposomes, there has been concerns using
synthetic nanoparticles due to potentially toxicities is-
sues or immunogenicity 32331, Hence, this has inspired
the use of biological particles for drug delivery, amongst
which the lipoproteins have attached much focus due to
their natural transport properties which potentially can
be utilized for drug delivery[3?l. These properties in-
clude accumulation at various important targets and a

long circulation time relative to other nanoparticles 32,

Lipoproteins can be divided into four major classes:
Chylomicron, very low-density lipoprotein (VLDL),
low-density lipoprotein (LDL), and HDL, as illustra-
ted in figure 1.3132:34 The size, density, function, lipid
composition and the apolipoprotein composition differ
between the lipoproteins 34, The biological function of
each lipoproteins is represented in figure 1.4 and discus-

sed below.

Chylomicrons are the largest lipoproteins with sizes
ranging from 75 to 1200 nm. Their main function is
transfer of dietary fat, i.e. triglycerides, cholesterol and
other lipids. The triglycerides are released from the
chylomicrons through hydrolysis by lipoprotein lipases
which result in free fatty acids (FFA). The lipoprotein
lipases are located in muscle and other tissues which
requires FFA. The chylomicrons remnants are hereaf-
ter taken up by the liver. The VLDL are 30-80 nm in
diameter. They are involved in the transport of trig-
lyceride and cholesterol from the liver to the blood,
where the triglycerides are delivered as FFA to muscles
and other tissues, as it was the case for chylomicrons.
The remnants, which are rich in cholesteryl esters, are
called intermediate-density lipoprotein (IDL) and are
15-35 nm in diameter. The IDL can either be taken up
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by the liver or be converted into LDL by removal of
more triacylglycerol. The main functions of the LDL is
delivery of cholesterol to the peripheral tissue. Nascent
HDL are formed in the peripheral tissue, and can pick
up cholesterol, e.g. cholesterol released into the plasma
from dying cells or excess cholesterol from the periphe-
ral tissue, and mature into the spherical HDL. The HDL

will eventually deliver the cholesterol to the liver. [32:3]

Lipoproteins are known to be important for cardiova-
scular disease (CVD). High levels of LDL are associated
with risk of CVD due to possible formation of atheros-
chlerotic plaques. Therefore, LDL is often referred to
as bad cholesterol. On the other hand, HDL can rem-
ove cholesterol from the peripheral tissue, thus reducing
risk of CVD, hence, it is known as the good choleste-
rol. Drugs used to treat risk of CVD generally aims to
lower LDL levels. One could also imagine that increa-
sing HDL level could be another approach, however,
though much effort has been put into the development
of such drugs, they have generally not shown therape-
utic benefit. 32!

Most DDSs using lipoproteins are based on LDL or
HDL, since their circulation time in blood is much lon-
ger than the circulation time of the other lipoproteins,
e.g. the circulation half-life of chylomicrons is only a few
minutes. Furthermore, the penetration into target sites
is more efficient with the smaller lipoproteins. Hence,
chylomicrons and VLDL are rarely used for DDSs, and
will not be discussed further. LDL based drug delivery
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Figure 1.4: Simplified illustration of the biological fate of
the lipoproteins. 13

often utilize the fact that LDL can interact with the
LDL receptor which are present both on cancer cells
and macrophages. Hence, LDL can be used for che-
motherapeutic drug delivery to cancer cells or to treat
atherosclerosis by delivering drugs to the macrophages
at atherosclerotic plaques. The drug can be encapsu-
lated in the hydrophobic core of LDL. Furthermore,
targeting ligands can also be conjugated to the LDL
thus directing it to different targets which does not
necessarily have the LDL receptor. However, the large
apolipoprotein B-100 of LDL can irreversibly aggrega-
te when isolated thus making it difficult to modify the
LDL for drug delivery. HDL is, in contrast, compromi-
sed of smaller apolipoproteins, mainly the apolipopro-

tein A-I (apoA-I), which can be isolated without aggre-
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Figure 1.3: Illustration of the different types of lipoproteins. The following abbreviations are used: Cholesterol (CH),
cholesteryl ester (CE), triglycerides (TG) and phospholipids (PL). The nascent HDL is the discoidal HDL which is the focus

of this project. 3%
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gation. Hence, HDL can be self-assembled from com-
ponents making it possible to design and reconstitute
it for the specific applications. This is one of the rea-
sons that HDL has attracted most focus as a carrier
for DDSs, and it is also the focus of this project. The
following sections will consider HDL for drug delivery

in more details. 132

1.1.4 HDL particles

In figure 1.3 it was illustrated that there are two forms
of HDL. The structure of the HDL differs since the
nascent HDL is discoidal while the mature HDL is sp-
herical. As previously discussed, the main function of
the HDL particles is believed to be removal of excess
cholesterol from the peripheral tissue['934. The biolo-
gical fate of endogenous HDL is illustrated in more de-

tail in figure 1.5. The apoA-I is obtained from the liver

Lipid-free
AIEUA'I

\

CJ""' r:r. A
JRo AT
= ABCAT

Sl;';all intestine

or intestine, which after association with lipids forms
the nascent discoidal HDL (referred to as pre-SHDL in
the figure). The discoidal HDL can take up cholesterol
which are converted into cholesteryl esters by the lecit-
hin cholesterol acyltransferase (LCAT). The cholesteryl
esters are highly hydrophobic and will consequently be
internalized into the core of the HDL thereby forming
spherical HDL. As more cholesteryl esters are interna-
lized into the HDL, the spherical HDL will increase in
size. The spherical HDL can also exchange cholesteryl
esters for triglycerides from other lipoproteins through
a process mediated by the cholesteryl ester transfer pro-
tein (CETP). The spherical HDL will eventually return
to the liver where the cholesterol and triglycerides will
be delivered through a process mediating by the sca-
venger receptor class B type I (SR-BI). Note that other
lipoproteins such as LDL interact with the liver through
the LDL receptor. [*°]
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An illustration of the discoidal HDL, which is the fo-
cus of this project, is seen in figure 1.6. The biological
discoidal HDL with a size of approximately 9.6 nm is
comprised of two apoA-I proteins and a phospholipid
bilayer!*. Mimics of this 9.6 sized HDL is often used
for drug delivery applications!!!| however, it has been
observed that discoidal rHDL with larger sizes can be
obtained. These larger sized rHDLs also contained mo-
re apoA-I protein per particle, i.e. DMPC/cholesterol
rHDLs with diameters of approximately 12, 20, 30 and
40 nm were found to contain 2, 4, 6 and 8 apoA-I pro-

teins, respectively [37].

1.1.5 rHDL particles for drug delivery

HDL applicable for drug delivery can either be isolated
from human plasma or reconstituted from apolipopro-
teins and lipids['?!. In order to reduce risk of infectious
agents and to ensure reproducibility most research are
primarily focussed on using rHDL 38!, rHDL can deli-
ver both hydrophobic and hydrophilic drugs, since hy-
drophobic drugs can be internalized into the core of
the rHDL while hydrophilic drugs can be adsorbed or
conjugated to the hydrophilic surface of the rHDL 19,
rHDL particles have several advantages over other par-
ticles used for drug delivery systems, e.g. small size (7-
12 nm), long circulating half-time (12-24 h) and re-
latively high tolerability in humans!'®!. Furthermore,

rHDLs can without surface modifications interact with

Figure 1.6: The discoidal HDL particles which consist
of phospholipids and stabilizing apolipoprotein, e.g.
apoA-L. 11

certain cell receptors, e.g. SR-B1, thereby delivering
their cargo specifically to certain targets!"'%. The SR-
B1 receptor is for example often over-expressed in can-
cer cell, thus allowing for selective delivery of anti-
cancer drug to the cancer cells via this receptor[!:38!.
Note that both discoidal and spherical HDL can be

recognized by the SR-B1 receptor 32l

As an example of a rTHDL based DDS, Ji Wang et al. [3]
developed a discoidal rHDL which consisted of pacli-
taxel, soy phosphatidylcholine and monocholesterylsuc-
cinate (CHS) as well as CHS-modified apoA-I (denoted
cP-d-rHDL). They used CHS instead of cholesterol to
prevent the transformation to spherical rHDL, since the
transformation has been shown to result in drug lea-
kage from the rHDL. As previously discussed, LCAT
converts cholesterol into cholesteryl esters which can
be internalized in the rHDL causing the formation of
spherical rHDL. Hence, since LCAT cannot react with
CHS, the transformation to spherical rHDL was dimi-
nished. They studied the effect of these cP-d-rHDL and
compared them with commercial paclitaxel (Taxol) and
CHS-modified paclitaxel-loaded liposomes (denoted cP-
liposome). As seen from their result presented in figure
1.7, which shows the concentration of paclitaxel in the
tumour, using cP-d-rHDL clearly enhanced the deli-
vering of paclitaxel to the tumour compared to com-
mercial paclitaxel, cP-liposome and the non-modified
paclitaxel-loaded rHDL (P-d-rHDL). [36]
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Figure 1.7: The results from the study of Ji Wang
et al. 3! showing the concentration of paclitaxel in the
tumour (human breast cancer cells, MCF-7) after in-
travenous administration of Taxol, cP-liposome (P-L),
P-d-rHDL and ¢P-d-rHDL in mice models. >l




1.2. Cancer immunotherapy

Aalborg University

1.2 Cancer immunotherapy

Some basis aspects of the immune system will initially
be described before discussion of cancer immunothera-
py. Finally, the use of rHDL for cancer immunotherapy
will be addressed.

1.2.1 The immune system

The immune system is a complex system designed to
protect the body from pathogen entry and destroy the-
se pathogen if they enter the body. Hence, it needs to
distinguish between the bodies own cells and foreign
pathogenic agents which it needs to eliminate 3. The
immune system is complex and comprises a variety of
cells and biological pathways!4°!. The following section
will only focus on certain types of leukocytes (white
blood cells, i.e. immune cells), thus keeping the prin-
ciples relatively simple, though the complexity of the

immune system still have to be kept in mind.

The immune system can be divided into two major ca-
tegories: the innate and adaptive immunity. The innate
immune system provides the immediate defense against
infectious agents with both physical (e.g. skin) and che-
mical barriers (e.g. low pH or digestive enzymes). If the
infectious agents have overcome the physical and chemi-
cal barriers, the cells of the innate immune systems can
respond with short notice. This include phagocytic cells
such as monocytes, macrophages and dendritic cells
(DCs) which can engulf foreign material. The innate
immune system is a nonspecific system which does not
provide any memory, i.e. there is not a more effective
response during a secondary exposure. In contrast, the
adaptive immune system provides a specific response
and the response is more effective for secondary exposu-
res. It responds to infectious agents which have entered
the body, and it can take days to weeks before the effect
of the response becomes apparent. Cells of the adapti-
ve immune system include B-cells and T-cells, which
are also called lymphocytes. Activation of a B-cell oc-
curs when it encounters a specific antigen and results
in secretion of antibodies. The activated B-cells which
secrete antibodies are called plasma cells. The secreted
antibodies can bind to the pathogen which eventually
can cause elimination of the pathogen. Activation of T-

cells requires aid by other so-called antigen presenting

cells (APCs). The APCs can be macrophages and DCs
which, after phagocytosis of the pathogen, can activate
T-cells by presenting pathogen antigens to the T-cells.
Hence, the APCs provides an important link between

the innate and adaptive immune system. [39-40]

Lymphocytes represent 20-35% of the leukocytes in the
blood, while an increased amount of these cells are lo-
cated in the lymph nodes. It is primarily in the lymph
nodes that the APCs present antigen to the T-cells.
The APCs, such as macrophages and dendrictic cells,
resides mainly in the tissue, but can after phagocyto-
se of foreign material travel to the lymph nodes whe-
re they can present the antigen. After activation, the
T-cells can leave the lymph nodes to seek for the pat-
hogen expressing the specific antigen. Monocytes are
another type of leukocytes. It is the largest of the leuko-
cytes and represent 3-7% of the leukocytes in the blood.
Monocytes originate from the bone marrow, and after
they enter the bloodstream, they function as phago-
cytes for a few days. The monocytes can also leave
the bloodstream and differentiate into either macropha-
ges or DCs. The DCs derived from monocytes are cal-
led monocyte-derived DCs (mDCs), but there are also
other types of DCs which include plasmacytoid DCs
(pDCs), conventional DC1s (¢cDC1) and ¢DC2s. These
different subsets of DCs can have different properties
and biological functions. Another major class of leuko-
cytes is the granulocytes which encompasses neutrop-
hils, eosinophils and basophils which represent 55-90%,
1-3% and 0.5 % of leukocytes in blood, respectively. The
main function of the neutrophils is phagocytosis while
eosinophils and basophils are, among other things, in-
volved in the destruction of large eukaryotic pathogens.
Note that there are other types of leukocytes but it is
beyond the scope of this project to describe all of them

in detail. [40:41]

The presentation of antigen to T-cells occurs through
the major histocompatibility complex (MHC). The-
re are two classes of MHC proteins, the MHC class
I (MHC-I) and MHC class 1T (MHC-IT). The MHC-I
are expressed on nearly all cells while the MHC-II are
expressed only on APCs. In order for a peptide to be
presented by the MHC-II, it requires endocytic uptake
and degradation of the corresponding protein, hence,
peptides from the cytosol cannot normally reach the
MHC-II. On the other hand, peptides expressed on the
MHC-I is normally obtained from the cytosol and not
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the peptides in the endosomes. [3*! However, DCs have
the potential to circumvent this general rule, and pre-
sent peptides from the endosomes to the MHC-I in a
process known as cross-presentation [42], Antigens pre-
sented by the MHC-I can signal for cell destruction, e.g.
antigens are presented to cytotoxic T-cells through the
MHC-I. 1%

An example of the cascade of reactions that happen,
when an antigen activates a B-cell or a DC present an

antigen to a T-cell, is seen in figure 1.8. As it is evident

from the figure, there are several types of T-cells. The
antigen can be presented to a T helper cell through
the MHC-II. The activated T helper cell can aid the
activation of other native T-cells, which can result in
secretion of cytokines and differentiation of the native
T cells into memory T-cell or effector cells such as cyto-
toxic T-cells. The activation of cytotoxic T-cells requi-
res antigen presentation through the MHC-I, e.g. from
DCs which can cross-present antigens as previously di-
scussed. The activated cytotoxic T-cells can specifically
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Figure 1.8: Illustration of the cascade of reactions and cells involved in initiation of a humoral or cell-mediated immune
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recognise and eliminate the pathogen. This immune re-
sponse is called a cell mediated immune response. The
T-cell types can be distinguish by certain surface pro-
teins such as cluster of differentiation (CD) receptors,
e.g. T helper cells express CD4 while cytotoxic T-cells
express CD8. The activated T helper cell can also aid
the activation of B-cells, which will result in plasma
cells that secrete antibodies. This response is called a

humoral immune response. [39:40]

In order to achieve an effective immune response, the
secretion of cytokines from the leukocytes are also ne-
cessary. Cytokines are a group of molecules which si-
mulate the immune response by binding to cell sur-
face receptors on the leukocytes. They can for example
regulate growth and activation of lymphocytes. There
are several different cytokines with various functions,
however, since the cytokines interleukin-6 (IL-6), IL-
10, IL-12p70 and interferon-a (IFN-«) are relevant for
this project, they will be discussed briefly in the fol-

lowing, [39:40]

IL-6

endothelial cells, macrophages and T-cells. It is a pro-

can be secreted from a variety of cells including

inflammatory cytokine which can stimulate the growth
of B-cells. However, too much IL-6 is often associated
with prolonged and uncontrolled inflammatory, which
is one of the characteristics of cancers. Hence, IL-6 is
mainly considered to have negative effects in regards to
cancer treatment, since it is related to tumour growth

and metastasis. [43]

IL-10
which include lymphocytes, monocytes and DCs. It is

is expressed from many types of leukocytes

an anti-inflammatory cytokine which consequently is
involved in feedback regulation of an immune response.
Since it can inhibit the cell-mediated immune response,
it can limit the effect of the immune response against

cancer cells. [44]

IL-12p70
IL-12p35. It is mainly secreted from monocytes, ma-

is comprised of the subunits I1.-12p40 and

crophages and DCs. It has an important role in the de-
velopment of a cell-mediated immune response, e.g. it
is important for the induction of IFN-+v, another cytoki-
ne which is of major importance for the cell mediated
immune response, since it improves the antigen presen-
tation to T-cells. Furthermore, IL-12p70 also enhances

the activation of cytotoxic T-cells. 44l

IFN-«

of cells including pDCs, monocytes, macrophages and

can be secreted from several different types

lymphocytes. pDCs are considered to be the primary
source of IFN-« since they can secrete large amounts
when activated. The secretion of IFN-« from monocytes
is for example much less than from pDCs. IFN-« aid the
activation of cytotoxic T-cells, and enhance the expres-
sion of MHC-I on tumour cells, and are consequently
considered to be advantageous for an anticancer immu-

ne response. [44,45]

1.2.2 Principles of cancer immunotherapy

The primary aim of cancer immunotherapy is to stimu-
late the immune system to eliminate the cancer cells.
A more effective treatment than the conventional can-
cer treatments such as chemotherapy or radiation, can
be obtained by utilizing the specificity of the immune
system. Combination of immunotherapy with conven-
tional cancer treatments have also shown great promise

for an improved therapeutic efficacy. [46]

There are several approaches which can be used for can-
cer immunotherapy, and for a better understanding of
these, it is relevant to consider how the immune system
responds to cancer cells. An overview of possible intera-
ctions between the immune system and the cancer cells
is seen in figure 1.9. Certain danger signals and tumour
antigens can appear after development of cancer cells.
Both the innate and adaptive immune systems can re-
spond to these signals, since they can be reconsigned as
foreign. For example can tumour antigen be taken up
by APCs such as DCs, which can can lead to activation
of cytotoxic T-cell that can eliminate the cancer cells.
In this case, the tumour is in the elimination phase. As
previously discussed, cytokines are important for an ef-
fective immune response, and some of the important
cytokines for an anti-cancer effect are indicated in fi-
gure 1.9, and include IFN-v, IL-12 and IFN-a. Howe-
ver, the cancer cells can transform to cancer cells which
are not recognised by the immune system. The tumour
will then enter the equilibrium phase, where the tu-
mour neither grow due to immunological elimination of
some cancer cells nor diminishes due to some cancer
cells which are not recognised by the immune system.
It is only considered to be the adaptive immune system
which function in the equilibrium phase. Eventually,

more cancer cells can transform, e.g. by loss of the

11



Dennis Pedersback

1. Introduction

tumour antigen, and the tumour can enter the escape
phase. It is in this phase that the tumour becomes cli-
nically apparent. The tumours microenvironment will
now suppress the anti-cancer functions of the immune
system. For example by secretion of anti-inflammatory
cytokines such as IL-10. Cancer immunotherapy aims
to affect this progress and shift to tumour to the eli-
mination phase by initiating a cell mediated immune

response. [19]

Some of the used approaches for cancer immunotherapy

are as follows:

“Danger”
Transformed  signals  tymor  NkR
cells = . antigens ligands

IFN-Y
IFN-cu/B
IL-12
TNF
NKG2D
TRAIL
Perforin

Innate &
adaptive
immunity

cES
0(900

Extrinsic tumor
suppression

Equilibrium

. olL-12
. -
° cDa: ¢ JFN-y

Teell * ,

Tumeor dormancy
and editing

@ Normal cell

Highly immunogenic
transformed cell

Checkpoint blockade

As evident from figure 1.9, tumour growth is promo-
ted by the expression of certain molecules such as the
T-lymphocyte associated protein 4 (CTLA-4) and the
programmed cell death protein 1 (PD-1), which inhi-
bits the function of cytotoxic T-cells. The principle of
checkpoint blockade is to use antibodies to block the-
se molecules, thus maintaining T-cell function which
eventually can cause tumour elimination. This concept
has resulted in clinically approved products which are

saving lives of many cancer patients. 14
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Figure 1.9: Illustration of how the immune system can respond to tumour development. [15]
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Cytokine therapy

The importance of cytokines for effective elimination of
the tumour is also illustrated in figure 1.9. This has lead
to cancer immunotherapy where cytokines are used to
boost the immune system. This could be the cytokines
IL-2 and IFN-a which are important for the activation
of cytotoxic T-cells. Both these cytokines have been
FDA approved for cancer treatment. Another approach
for cytokine-based therapy could be the neutralisation

of anti-inflammatory cytokines such as IL-10. 44

Adoptive cell transfer

The principle of this therapy is to remove T-cells capab-
le of fighting the cancer from the patients, grow them
er vivo and transfer them back into the patient. The
cytokine IL-2 is often injected along with the T-cells,
since IL-2 can promote the growth of T-cells. The tissue
around the tumour often contain T-cells with antican-
cer activity, hence, such a tissue sample is taken from
the patient and the appropriate T-cells are selected and
grown. However, for many types of cancer it is difficult
to collect tumour specific T-cells. In order to make the
therapy application for more cancer types, some efforts
have gone into modifying removed T-cells, which do not
have anti-cancer activity, with receptors that do recog-

nise tumour antigen. (14

Cancer vaccine

In contrast to other conventional used vaccines, can-
cer vaccination is therapeutic rather than prophylactic,
hence, it would be administered to the patients after
the detection of cancer. The therapy has demonstrated
potential to completely eliminate solid tumours, thus
showing great promise as an effective cancer treatment.
The aim of cancer vaccine is to induce tumour speci-
fic cytotoxic T-cells. This can be achieved by delivering
antigens to DCs which in turn can present the antigens
to the T-cells. Note that cross-penetration is required
for antigen presentation to cytotoxic CD8' T-cells if
the antigens are taken up by endocytosis. The delivery
of antigen to DCs can be achieved either by removing
DCs from the patient and culturing them ex vivo with
tumour specific antigen before injecting them back into
the patient, or DCs can be targeted in vivo for antigen
delivery. The DC targeting in vivo often uses nanoparti-
cle based DDSs, and are consequently of most relevance

for this project. 1417l

Besides delivering antigen it is also important to boost
the DC activation for an effective cancer vaccination.
This can be achieved by using adjuvants such as the
TLR agonists!'”l. The TLRs can detect pathogenic mo-
tifs, and, when activated, they can initiate a proinflam-

(391 Administration of free TLR ago-

matory response
nists have limitations such as poor cellular uptake, un-
favourable biodistribution and can result in secretion
of too many cytokines, i.e. cytokine storm, which can

(191 Some of these limitation

cause severe side-effects
could be avoided by delivering the TLR agnoist with
a nanoparticle based DDS!'9. The nanoparticles also
have the potential to co-deliver antigen and adjuvant,
and since both antigen and adjuvant are required for an
effective activation of an anti-cancer immune response,
the nanoparticle based DDSs have shown great poten-
tial for cancer vaccines!'”l. The adjuvant can also be
delivered without tumour antigen in order to boost the
immune system, which can cause secretion of cytokines
important for an anti-cancer immune response, while
the antigens can be taken up from dead cancer cells,

e.g. cancer cells killed by chemotherapeutic agents!!8l,

Examples of nanoparticle based drug delivery

systems for cancer immunotherapy

Several types of nanoparticles have been used for cancer
vaccine immunotherapy. A few examples will be given

below.

Samar Hamdy et al.[*"l designed PLGA nanoparticles
with encapsulated antigen to actively target the man-
nose receptor which are present on DCs. When the an-
tigen was delivered to the DCs, they observed antigen
specific T-cell activation. The PLGA nanoparticles also
have the potential to co-deliver TLR, agonists, thereby
enhancing the immune response. "l Similar PLGA na-
noparticles have also been used to target other recep-
tors on DCs, e.g. the CDA40, for delivery of antigen and
TLR agonist 8. Instead of using polymeric nanopar-
ticles, Thomas C.B. Klauber et al.[*?l used liposomes
for targeting the dendritic cell immunoreceptor, which
are present on DCs and monocytes, to deliver a TLR7
agonist. An effective targeting and resulting cytokine
secretion were observed, and they suggest that the lipo-
somes could be co-formulated with antigen or used in
combination with other cancer treatments such as che-
motherapy or radiotherapy for a more effective treat-

ment. [49]
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Pia T. Johansen et al.’! also used liposomes as car-
riers in a DDS for cancer immunotherapy. However,
they aimed to targeted monocytes and used a TLR7
agonist to stimulate the immune response. The mono-
cyte activation by the TLR7 agonist can cause cytoki-
ne secretion, and induce the monocytes to differentiate
into DCs which in turn can migrate to lymph nodes
and activate T-cell. The TLR7 is located in the en-
dosomes of the monocytes, hence, a endocytic uptake
of the liposomes is required. Interestingly, they found
that by using a slightly cationic lipid composition in
the liposomes, they could target monocytes specifically
over lymphocytes and granulocytes. They used POPC
as the neutral lipid and DOTAP as the cationic lipid
and found that when using 7-10% of DOTAP in the
liposomes, 75-95% of the monocytes were associated
with the liposomes after one hour of incubation. Alt-
hough cationic lipids can be toxic, they observed no
cytotoxicity when using only low amounts of cationic
lipids in the liposomes. They also confirmed that the
TLRY7 agonist loaded liposomes could initiate an im-
mune response by measuring the cytokines IL-6 and
IL-12p40, see figure 1.10, and they proved that the mo-
nocytes differentiated into DCs when treated with the
TLR7 agonist. 5!

1.2.3 rHDL for immunotherapy

The endogenous HDL is generally considered to be
anti-inflammatory. This is, among other things, because
HDL can bind and neutralize lipopolysaccharide (LPS),
which is a potent TLR4 agonist from gram-negative ba-
cteria, thereby minimizing the immune response. HDL
can also interact with the TLR4, which recognises LPS,
and impair its functions. Furthermore, HDL can remove
cholesterol from the cell membranes of macrophages,
DCs and lymphocytes which can down-regulate their
normal proinflammatory properties, e.g. it can cause a
decrease in the expression of the MHC-II in macrop-
hages and DCs which in turn can decrease T-cell acti-
vation. The free apoA-I can also induce secretion of
IL-10 which can limit the differentiation of monocytes
into DCs.[>152] In contrast to these anti-inflammatory
properties of HDL, it has also been found that HDLs
can exert an overall proinflammatory from macropha-
ges by causing an increased secretion of cytokines such
as IL-12, and reduction in the amount of secreted IL-
10. However, this proinflammatory effect seems to be

specific for macrophages, and it is recognised by the
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Figure 1.10: The results from Pia T Johansen et al. 5%
showing that their slightly cationic liposomes could cause
an immune response and secretion of IL-6 and IL-12p40
in whole human blood. The lipid composition of the liposo-
mes were POPC:DOTAP:TMX 81:14:5. The used TMX-202

concentrations were of 0.1, 1.0 and 10.0 pM.[E’O]

same study identifying this proinflammatory effect
that HDLs do exert anti-inflammatory effects on other

leukocytes. 13l

Although, HDLs can exert anti-inflammatory they ha-
ve various properties which are of major advantage for
cancer immunotherapy. This include the fact that they
are highly biocompatible and biodegradable with a re-
sulting high tolerance and long circulation time in hu-
mans. Furthermore, the size of the rHDL is optimal for
delivery to the lymph nodes, and it is possible to deliver
multiple drugs, e.g. both adjuvant and antigen. (9]

rHDLs have been used for several types of cancer im-
munotherapies. For example Maria C. Ochoa et al. %4l
used rHDL to optimize cytokine therapy with the IL-15
cytokine. IL-15 aid the activation of cytotoxic T-cells,
however, free IL-15 has a short circulation half-life.
Hence, in order to increase the circulation half-life,
and thereby the therapeutic efficiency of IL-15 treat-

ment, Maria C. Ochoa et al.[¥ incorporated IL-15 in
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rHDL which resulted in an increased amount of activa-

ted cytotoxic T-cells with anti-tumour activity. [>*

Another interesting study by Rui Kuai et al.l5
used rHDL to co-deliver antigen and a TLR9 agonist
to the DCs. They formulated discoidal rHDL using
apoA-I mimicking peptides instead of the full length
apoA-I, and with a lipid composition of DMPC and
4 mol% dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[3-(2-pyridyldithio) propionate] (DOPE-PDP). The
DOPE-PDP was used to conjugate the antigen to the
rHDL, and since the conjugation is reduction sensiti-
ve, it facilitates the intracellular release of the antigen
in the DCs. They observed effective delivering to the
DCs and were able to treat certain types of cancer in
mice models. Furthermore, they showed that the treat-
ment could be improved by applying the rHDL in com-
bination with checkpoint blockade treatment, i.e. they
used anti-PD-1 and anti-CTLA-4, and they were able
to completely eliminate tumours in >85% of the treated
mice. Furthermore, they observed an effective rejection
of the cancer cells when re-challenging the surviving
mice with the same type of cancer 70 days later, illu-
strating the effective memory of the adaptive immune

system, which is evoked during cancer vaccination. %]

1.3 The aim of this project

The project aims to investigate several aspects concer-
ning discoidal tHDL (rHDL will in the following refer
to the discoidal rHDL if not stated otherwise). This
include the formulation and characterization of rHDL
as well as its potential as carrier in a DDS for cancer
immunotherapy. Supply of apoA-I is obviously required
for the formulation of rHDL, and since the amount of
apoA-I in human blood is relatively high, i.e. the con-
centration of apoA-I in plasma is 1.0-1.5 mg/mL 6] it
should be feasible to purify relatively high amounts of
apoA-I from human blood. Following the guidelines for
purification of apoA-I described elsewhere!5”!| the puri-
fication process will be set up and optimized with the
available laboratory equipment, thereby ensuring con-
tinuously supply of apoA-I. After the supply of apoA-I
is ensured, studies concerning formulation of rHDL will

also be conducted.

The main aim of the project is to design rHDL appli-
cable for cancer immunotherapy. Inspired by the results
of Pia T. Johansen et al.l’®] rHDL with similar lipid

composition will be formulated in order to investigate,
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Figure 1.11: Illustration of the concept of the project. The
rHDL loaded with TLR7 agonist, designed to associate with
monocytes, can cause activation of the monocytes which can
result in cytokine secretion and differentiation of the mono-
cytes into mDCs. The mDCs can present antigens (obtained
from tumour associated proteins) to the cytotoxic T-cells

that can eliminate the cancer cells.

if the rHDL can have similar monocyte targeting pro-
perties, and, if such properties are found, it might also
be possible to deliver the TLR7 agonist to the mono-
cytes. The rHDL might yield an even better delivery
due to its smaller size and recognition by endogenous
cellular receptors. The concept of the approach is illu-
strated in figure 1.11. When only TLR7 agonist is used
in the rHDL, the possible cancer treatment relies on
DCs to take up tumour associated proteins, and pre-

sent the resulting antigens to the T-cells.

Obviously, rHDLs differ from liposomes and it might
not be straightforward to incorporate a positively char-
ged lipid into the particles, since it might interfere with
the apoA-I protein, thus hindering the self-assembly of
the rHDLs, e.g. it has been found in literature that in-
corporation of the cationic DMTAP in DMPC rHDL
impaired the formation of monodispersed 9.6 nm sized
rHDL particles[®8. Hence, it will be investigated if DO-
TAP can be incorporated in a POPC based rHDL. Note
that the overall net charge of the rHDL might not be
positive even when DOTAP is incorporated since the
apoA-I has a net negative charge around pH 7.4 059,
However, the net charge must be more positive for a
rHDL containing DOTAP than a rHDL which only con-
tain neutral POPC.
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Other lipids will also incorporate into the POPC ba-
sed rHDL, namely the anionic DOPG and the cationic
EPC. The EPC mimics the POPC better than DO-
TAP, as it is seen from the chemical structure presen-
ted in figure 1.12, hence, it is interesting to study the
effect of using EPC as the cationic lipid instead of DO-
TAP. Furthermore, DMPC rHDL will also be formula-
ted. DMPC differs from POPC by the fact that it is
saturated while POPC is unsaturated. This might af-
fect the packing into the rHDL and consequently affect
its properties. The structure of the lipids used in the

project are illustrated in figure 1.12.

The association of the rHDLs with leukocytes will be
studied, and the effect by changing the lipid composi-
tion with the aforementioned lipids will be evaluated.
Furthermore, it will be assessed if the rHDL with TMX-
201, a potent TLR7 agonist, can induce secretion of
cytokines effective for an anti-cancer immune respon-
se. Experiments will also be conducted to evaluated if
rHDL are capable of delivering antigen to DCs such
that the DCs can present the antigen by the MHC-I to

cytotoxic T-cells.
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Figure 1.12: Structure of the lipids used in the project. POPC and DMPC have no net charge, while DOTAP
and EPC are positively charged and DOPG is negatively charged. The full name of the lipids are as follows:
POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DOTAP:
1,2-dioleoyl-3-trimethylammonium-propane, EPC: 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine DOPG: 1,2-dioleoyl-sn-

glycero-3-phospho-(1’-rac-glycerol).
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2. Theoretical background of the used methods

Several experiments were conducted during the project,
and various methods were used. The basic principles of
the methods will be discussed in the following chap-
ter while the subsequent chapter will describe materi-
als and experimental procedures related to each expe-

riment.

2.1 High-Performance Liquid
Chromatography

High-Performance Liquid Chromatography (HPLC)
can be used for the separation of substances in a samp-
le, e.g. it can be used for the purification of proteins
as well as analysis of the components in a sample. The
sample is applied to the top of a column which con-
sists of beads that can interact with the substances
of the sample, thus causing them to be separated and
eluted at different times. The separation can depend

on properties of the substances such as size and char-

(A)

ge. A solvent, i.e. the mobile phase, continuously flow
through the column. Note that HPLC is enhanced ver-
sion of standard chromatography where finer column
material is used which allows for more interaction sites
and resulting higher resolution, however, it also requi-
res an applied pressure which is why the term high-
pressure liquid chromatography is sometimes used for
HPLC as well. The eluted substances from the sample
can for example be detected by measuring absorban-
ce. The detector is typically located immediately after
the column. The elution of proteins can be followed by
measuring the absorbance at 220 nm or 280 nm, since
the absorbance at 220 nm can be related to the peptide
bonds while the absorbance at 280 nm can be attribu-
ted to amino acids with aromatic rings, i.e. tryptop-
han, tyrosine and phenylalanine. Obviously, the signal
at 220 nm would often be higher than at 280 nm, but
in some cases, the signal at 280 nm can be preferred
since the high signal at 220 nm might lower the reso-
lution. The separation methods used by the HPLC in

this project will be discussed in the following. 3560l

Figure 2.1: The principles of the columns used on the HPLC system. (A): The column for SEC. The larger molecules
cannot enter the beads and are therefore eluted sooner than the smaller molecules. (B): The column used for cation
exchange chromatography. The positive charged molecules bind to the column while the negative charged molecules
are eluted. Salt in the mobile phase buffer can be used to elute the bound molecules. Anion exchange chromatography
uses similar principles, however, the beads are positively charged, and binds negatively charged molecules. [*°)

17



Dennis Pedersback

2. Theoretical background of the used methods

Size-exclusion chromatography

Size-exclusion chromatography (SEC) can be used to
separate the substances in a sample according to size.
The column consists of porous beads made of insoluble
but hydrated polymer. Smaller molecules can enter the
beads while larger molecules cannot, thus more volu-
me is accessible to the smaller molecules than for the
larger molecules. This results in larger molecules being
eluted from the column sooner than smaller molecules.
Intermediate sized molecules can occasionally enter the
beads and will consequently be eluted at an intermedi-
ate position. The principle of the column is illustrated
in figure 2.1 A.[35:60]

In this project SEC was used both for the purification
of apoA-I and for analysis of the formulated rHDL.

Ion-exchange chromatography

Ton-exchange chromatography can separate molecules
according to their charge. Positively charged molecules
can for example bind to a column consisting of anionic
charged beads, while the non-bound negatively char-
ged molecules will be eluted. The bound molecules can
be released from the beads by increasing the salt (e.g.
NaCl) concentration in the elution buffer. The positi-
vely charged ions from the salt (e.g. Na™) will compete
with the protein for binding to the column, and sin-
ce the salt ions have a high density of charge, it will
cause the elution of the bound molecules. This process
is known as cation exchange chromatography, and is

illustrated in figure 2.1 B. Contrarily, anion exchange

Direction of
electrophoresis

chromatography columns bind molecules of negative ch-
arge using positive charged beads. Note that the pH of
the buffers used as mobile phase is important, as it can

affect the charge of proteins. [3°!

In this project, both cation and anion chromatography

were used for the purification of apoA-I.

2.2 Electrophoresis

Electrophoresis describes the phenomenon that a mo-
lecule with a net charge will move when subjected to
an electric field. The method can be used for the ana-
lysis of purity in a protein sample, since it can separate
proteins according to their size.A polyacrylamide gel is
often used as supporting media during electrophoresis
due to the fact that it is chemically inert. A voltage
is applied over the gel, typically with the anode at the
bottom of the gel. The proteins will move in the gel
with a velocity that are proportional to the charge, as
indicated by the following equation which describes the
velocity (v) of a molecule with a certain charge (z) in
an electric field (E). f is the frictional coefficient:
_E-2

- f

The frictional coefficient depends both on the shape and

v

mass of the molecules as well as the viscosity of the gel.
The method is known as native page when conducting it
under non-denaturing conditions, and it is evident from
the above equation that both the size and charge can

affect the separation of proteins on a native page. 3!

R E50 5 | Mixture of
@ g —nae| macomolecules
3 )

Electrophorasis =
- ]

- Porous gel

Figure 2.2: Tllustration of the SDS-page method. The protein samples are pretreated with SDS, loaded to a polyacrylamide
gel and a voltage is applied over the gel. The resulting electric field over the gel causes the molecules in the gel to move
against the anode. The SDS induces a large negative charge on the proteins making the resulting charge independent of the
original charge of the native proteins. Under these conditions, the smaller molecules migrate with a higher velocity than the

larger molecules, hence, the proteins can be separated by mass.

[35]
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In order to separate the protein merely by mass, one can
use SDS-polyacrylamide gel electrophoresis (referred to
as SDS-page). For this methods, the protein samples are
first denatured by sodium dodecyl sulfate (SDS) which
is an anionic detergent that disrupt almost all noncola-
vent interactions. A reducing agent can also be added
in order to reduce disulfide bonds. Approximately one
SDS anion for every two amino acids residues binds to
the denatured protein. This means a large negative ch-
arge will be added to the protein by the binding of SDS,
and since this charge is usually much greater than the
charge of the native protein, the charge of the complex
is essentially determined by the amount of bound SDS
which in turn is proportional to the mass of the pro-
tein. Obviously, the charge will then be higher for the
larger proteins, however, larger protein will also have
a higher frictional coefficient. The increase in frictional
coefficient will decrease the velocity more than the ad-
ditional charge will increase it, hence smaller proteins
will migrate with higher velocity through the gel than
larger proteins, thus resulting in separation by mass as
illustrated in figure 2.2.13%1

The proteins can be visualized as bands in the gel af-
ter the separation by staining them with for example
coomassie blue. Staining with coomassie blue allows for

the detection down to 0.1 ug protein 3!

SDS-page was used in the project for the analysis of fra-

Sample—]v

Sheath

Laser

Scatter &
Fluorescence

Flow

Figure 2.3: Illustration of the flow cytometry princip-
les. Single cells pass through the laser beam while the
scattered light and the fluorescence are measured. [

ctions collected during the purification of apoA-I. Also,
it was used to assess the purity and yield after each
purification step. Native page was used for the analysis

of rHDLs with different lipid composition.

2.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) can be used
to image a sample. It uses an electron beam which
can be absorbed or scattered in all directions when it
hits the sample. TEM detects the electrons transmitted
through the sample, and a contrast will appear because
of the difference in electron density between the sub-
stances in the sample and the surrounding media. The
short wavelength of electrons makes it possible to visu-

alise nanosized structures. 62!

In order to achieve better contrast, it is possible to stain
the samples. There are two possibilities for staining the
samples, either using a stain that bind to the specimens
in the samples or a stain that provides contrast around
the specimens, referred to as positive and negative stai-
ning, respectively. Heavy metal salts can be used for the
stains, since they scatter electrons more strongly than
lighter atoms in for example proteins or lipids, thereby

providing improved contrast. [63]

For this project TEM was used to characterize the size
of the rHDL, and negative staining was used to improve

the contrast.

55C-A

o 200K 400K~ G00K 800K 1,0M
FSC-A

Figure 2.4: Illustration of a dual-parameter histogram
with FSC and SSC from a flow cytometric analysis of
a human blood sample. It can be used to distinguish
between granulocytes, lymphocytes and monocytes.
(Data from experiments of the project)
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2.4 Flow Cytometry

Flow cytometry can be used to measure optical and
fluorescence properties of single cells or particles. The
set-up is illustrated in figure 2.3. A flow cytometer is
designed in such a way that cells pass through a la-
ser beam one by one. The light from the laser beam
is scattered by the cells, and since the scattering de-
pend on the structural and morphological properties of
the cell, it is possible to obtain valuable information
by measuring the light scattering. The light scatter can
be divided into forward scatter (FSC) and side scat-
ter (SSC). FSC is proportional to the size of the cell
while the SSC is related to the internal complexity of
the cell, hence, the scattered light can be used to iden-
tify different cell types. This effect is illustrated in fi-
gure 2.4, which in a dual-parameter histogram shows
how granulocytes, lymphocytes and monocytes can be
distinguish using only FSC and SSC. Fluorescence can
also be detected, and by using a fluorescence marker for
a specific cell type, e.g. by conjugation of the fluores-
cence marker to an antibody specific for the cell type,
it is possible to obtain an even better identification of
the cells. Furthermore, fluorescence from particles as-

sociated with the cell can also be detected. [61]

A variety of information can be obtained during the
flow cytometry analysis since several fluorescence mar-
kers can be used. In order to analyse the data, it is
necessary to set gates based on some characteristics of
the analysed cells, thus resisting the further analysis
to cells displaying these characteristics. A fluorescent
marker can for example be used to assess if the cells
are alive or dead, and the gate can be set such that
the following analyses are resisted to cells which are

alive. [61]

In this project flow cytometry was used to determi-
ne the association of different formulation of rHDLs
with granulocytes, lymphocytes and monocytes. Furt-
hermore, it was used to assess the antigen presentation
by DCs when delivering antigens to isolated DCs with
the rHDLs. The association of rHDLs in each cell type
were studied by measuring the fluorescence signal from

the incorporated fluorophore atto488.

2.5 ELISA

Enzyme-linked immunosorbent assay (ELISA) can be
used to quality the amount of proteins/peptides, i.e.
antigen, in a sample by using antibodies which specifi-
cally recognise the antigen. There are several types of
ELISAs, and one of these is the sandwich ELISA, as
illustrated in figure 2.5. For this method monoclonal
antibodies specific for the antigen are adsorbed to the
bottom of a well. The antigens will bind to the antibo-
dies when they are added to the well, while the rest of
the substances in the sample can be washed out. En-
zyme linked antibodies which can bind to the antigens
are then added. Unbound antibodies are hereafter rem-
oved by washing the well. The enzyme can catalyse a
colorless substrate into a colored product, hence, when
the colorless substrate is added a color can appear due
to the enzyme catalysed reaction. The rate of color for-
mation is proportional to the amount of enzyme linked
antibody present which obviously will be proportional
to the amount of antigens, thus allowing for quantita-
tive estimation of the antigen by measuring absorption
of the well. [39]

In this project, sandwich ELISA was used to assess the
cytokine secretion in whole human blood (WHB) after
treatment with rHDLs loaded with a TLR7 agonist.

Monodonal Antigen binds
antibody- to antibody
coated well

Substrate s added and
converted by enzyme into
colored product; the rata

of color formation is
propaortional to the
amount of antigen

A second monodonal
antibody, linked to
enzyme, binds to

immuobilized antigen

Figure 2.5: Illustration of the sandwich ELISA method. %!
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3. Materials and Methods

3.1 Purification of apoA-I

The purification of apoA-I was conducted in order
to ensure supply of apoA-I for formulation of rHDL.
The used purification process was similar to procedures

[64] though it was optimized over

described elsewhere
several runs of the experiments. The description of the
purification process in the following section is based on

the optimized process.

Materials

Human plasma was supplied from RegionH Blodbank,
Hvidovre Hospital (Denmark). Affi-Gel® Blue Media
supplied from Bio-Rad (USA). Phosphate-buffered sa-
line (PBS) tablets and sodium cholate were supplied
from Sigma Aldrich (Denmark). Several buffer solutions

were used for the purification and these are presented

Affi-Gel Blue Media

Plasma I:I l
1M CaCl, | |
Buffer A l

=

Fibrin clot

10 mM CaCl, I:I

Serum

Buffer A

Jf
H

Filtrate Buffer B

Serum
“solution

Filtrate I:'I

<+

~

Eluted
Sample

Dialysis against
Buffer C

J

Buffer G Buffer C
Elu

Fraction collection

in table 3.1. Reference to the used buffers will be made
based on the notation in the table. Every components
used for the buffers were supplied from Sigma Aldrich.
All buffers were filtrated through a 0.45 um Cellulose
Nitrate Membrane filter from Whatman (Germany).

Experimental Procedure

An overview over the purification steps are seen in fi-
gure 3.1. A HPLC system from Shimadzu was used
throughout the purification process, and the volume
shift of the fraction collector on the HPLC system was
determined experimentally before using it for the puri-
fication, see appendix A. The purification steps will be

described in more details below.

e The human plasma was thawed and 1 M CaCl,
was added to the plasma so that it yielded a fi-

nal concentration of 10 mM CaCl,. The solution

Buffer B Elu

!/—

Fractions with
Apod1 pooled
¢ Fractions with
Apod pooled
Dialysis against
Dilution Buffer

Lj

Buffer 0 Buffer D
El

Buffer E

xapuadng

<

wmungo? asoseydas-n
(1]

uwnjoa asoueydag-45

Fraction collection
Fractions with
ApoAl pooled

|:| Purified ApoA

Fraction collection

Figure 3.1: Overview over purification steps used to purify apoA-I.
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was left for 2 hours with occasional stirring. This
caused the fibrin clot to aggregate, allowing for
easy removal hereof. In order to ensure that all
the fibrin clot was removed, the samples was cen-
trifuged (4500g for 20 minutes at 4 °C), and the
supernatant was collected. By removing the fibrin

clot, serum was obtained.

The serum was diluted, 1 part to 3 parts of
buffer A. The obtained solution was added to
approximately 100 mL of Affi-Gel® Blue Media
which contains beads that can bind the hydrop-
hobic moieties of apoA-I. Albumin is also known
to bind to the beads, however, the high NaCl con-
centration of buffer A should release the albumin.
The solution was left overnight at 4 °C with gent-
le stirring. The next day, the solution was poured
into a column, as seen in figure 3.2, and the beads
were washed herein with buffer A until the absor-
bance of the filtrate at 280 nm was less than 0.025.
The beads were then washed with buffer B (200
-300 mL) in order to remove the high salt concen-
tration. The beads were removed from the column
and stored in buffer B elu overnight at 4 °C with
gently stirring. Since buffer B elu contains the de-
tergent cholate, it should release apoA-I from the
beads. After being stored at room temperature for
2-3 hours the following day, the solution was once
again added to the column, and the filtrate was
collected until the absorbance hereof at 280 nm
again was so low that the majority of apoA-I pre-
sumably had been released and collected. The col-
lected batches which had significant absorbance
at 280 nm were pooled, and further concentrated
by spinning through a centrifugal filter unit with
a molecular weight cut-off of 10,000 Da. The volu-
me of the concentrated sample was approximately
50 mL.

The solution was dialysed against buffer C in or-
der to exchange triton X-100 and cholate. The
obtained solution was loaded to a HiPrep Q FF
16/10 column from GE Healthcare (will be refer-
red to as Q-Sepharose column in the following)
using the HPLC system. The Q-Sepharose co-
lumn is an anionic column and should thus bind
the anionic moieties of apoA-I, which are present
at pH 8. The column was prewash with Buffer C.

After loading the column and washing with two

Figure 3.2: The column used for the purification

steps using Affi-Gel® Blue Media.

Buffer

Composition

pH

Buffer A

50 mM Tris
1 mM CacCl,
3 M NaCl

5 mM EDTA

8.0

Buffer B

50 mM Tris
1 mM CacCl,
5 mM EDTA

8.0

Buffer B Elu

50 mM Tris

1 mM CaCl,

5 mM EDTA

5 mM Sodium Cholate

8.0

Buffer C

20 mM Tris

1 mM CacCl,

5 mM EDTA
0.1% Triton X-100

8.0

Buffer C Elu

20 mM Tris

1 mM CaCl,

5 mM EDTA
0.1% Triton X-100
1 M NaCl

8.0

Buffer D

25 mM Potassium Acetate
1mM EDTA
0.1% Triton X-100

5.0

Buffer D Elu

25 mM Potassium Acetate
1mM EDTA

0.1% Triton X-100

1 M NaCl

5.0

Buffer E

20 mM HEPES
100 mM NaCl
1 mM EDTA
20mM Cholate

8.0

Dilution buffer

100 mM Potassium Acetate
1 mM EDTA
0.1% Triton X-100

5.0

Table 3.1: Overview over the used buffers. Note that the

percentage of Triton X-100 is given with respect to volume.
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column volumes of buffer C, apoA-I was eluted
using a linear gradient with Buffer C elu (over fi-
ve column volumes). Fractions of 2 mL were col-
lected during the applied gradient. Based on the
chromatogram obtained during the elution, fra-
ctions of interest were chosen and analysed furt-
her by SDS-page. The fractions which contained
apoA-I were pooled and diluted in dilution buffer
in order to obtain a volume suitable for dialysis.
The sample was hereafter dialysed against the di-

lution buffer.

e The sample was then loaded onto a HiPrep SP
HP 16/10 column from GE Healthcare (will be
referred to as SP-Sepharose column in the fol-
lowing), which is a cationic column and should
thus bind the cationic moieties of apoA-I which
are present at pH 5. The column was prewashed
with buffer D before the sample was loaded. Af-
ter the sample was loaded, it was washed with
two column volumes of buffer D, and the bound
apoA-I was eluted with a linear gradient of buf-
fer D Elu (over five column volumes). Fractions
of 2 mL were collected. Fractions of interest we-
re analysed by SDS-page and the fractions which

contained apoA-I were pooled and concentrated.

e The sample was then applied to the Superdex 200
Increase 10/300 GL from GE Healthcare (will be
referred to as Superdex-200 column in the fol-
lowing), which is a SEC column that separates the
proteins by size. Fractions of 1 mL were collected.
Fractions of interest were analysed by SDS-page,
and the fractions which contained apoA-I were
pooled. This yielded the final purified apoA-I.

3.2 Electrophoresis

Electrophoresis was conducted both under denaturing
conditions (SDS-page) and non-denaturing conditions
(native page). The same set-up was used for the expe-
riments (XCell SureLock™ Mini-Cell Electrophoresis
System), but the experimental approach and used ma-
terials differed, hence, the methods will be described
separately in the following.

3.2.1 SDS-page

SDS-page was used continuously throughout the puri-
fication of apoA-I, both to estimate if the fractions col-
lected from the HPLC system contained apoA-I, and

to evaluate the purification process.

Materials

The used gels were NuPage® Novex® 4-12% Bis-Tris
Gel, the running buffer was NuPAGE® MOPS SDS
Running Buffer and the ladder was PageRuler™ Pre-
stained Protein Ladder, all supplied by Thermo Fisher
Scientific (Denmark). The SDS sample buffer was sup-
plied from Sigma Aldrich. The used coomassie stain
was primarily SimplyBlue™ SafeStain from Thermo
Fisher Scientific, however, for some of the experiments
a coomassie blue stain solution was prepared using 0.1%
Brillant Blue G (w/v), 25% methanol (v/v), 5% acetic
acid (v/v) and 70% milli-Q water (v/v), and a destain
solution prepared using 25% methanol (v/v), 5% acetic
acid (v/v) and 70% milli-Q water (v/v). All compo-
nents for this coomassie blue stain and destain solution

were supplied from Sigma Aldrich.

Experimental Procedure

The SDS-page experiments were conducted as follows:

e The sample and sample buffer were mixed (4:1)

in an eppendorf tube
e The solutions were heated to 90 °C for 10 minutes

e The running gel buffer was poured over the set-up

and the solutions were added to the wells.

e Electrophoresis was run at 150 V for approxima-

tely 75 minutes

e The gel was removed from the set-up and stained

in the stain solution for 1 hour.

e The stain solution was removed. When using
SimplyBlue™ SafeStain, the gel was washed with
deionized water and left to destain in water over-
night. When using the prepared coomassie blue
stain solution, the gel was left in the prepared

destain solution overnight.

e The destain solution was removed and pictures of
the gel were taken. For some of the gels a Li-Cor
Odyssey FC was used to image the gel.

The software imageJ was used to plot the intensity of
the different lanes. Since a linear correlation between
the integral measured over the peaks and the different
concentration of apoA-I was found (see appendix A),
minimum two samples of apoA-I with known concen-
trations were used in each experiment to estimate the
amount of apoA-I, though it might be a very accurate

estimate.
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3.2.2 Native page

The native page is run under non-denaturing condition,
hence, it should be possible to investigate assembled
rHDL. This was used to assess if the charged lipids we-
re incorporated in the rHDL.

Materials

The used gels were NuPage® Novex® 4-12% Bis-Tris
Gel from Thermo Fisher Scientific. The running buf-
fer contained 25 mM Tris base and 192 mM glycine.
The sample buffer contained 310 mM Tris-HCl, 0.05%
bromophenol blue and 50% glycerol. All components for
the running buffer and sample buffer were supplied from
Sigma Aldrich. SimplyBlue™ SafeStain from Thermo

Fisher Scientific was used for staining.

Experimental Procedure

The native page protocol was as follows:

e The sample and sample buffer were mixed (4:1)

in an eppendorf tube

e The running gel buffer was poured over the set-up

and the solutions were added to the wells.

e The gel was run at 150 V until the front was at
the bottom of the gel (approximately 6 hours)

e The gel was removed from the set-up and stained

for 1 hour in the stain solution.

e The stain solution was removed and left to destain

in deionized water overnight.

e The next day, the gel was removed from the wa-

ter, and imaged using the Li-Cor Odyssey FC.

3.3 Formulation of rHDL

The rHDLs were formulated with both purified and
supplied apoA-I. The lipid composition was varied by
variation of the lipid type and lipid/protein ratio.

Materials

The supplied apoA-I was obtained by recombination
methods and supplied by another research group, while
the purified apoA-I was obtained as described in section
3.1. The used lipids (POPC, DMPC, DOTAP, EPC
and DOPG) were all supplied from Avanti Lipids Polar
(USA). Bio-Beads were obtained from Bio-Rad Labo-
ratories (Dominican Republic). Sodium cholate hydrate
was supplied from Sigma Aldrich. DOPE-atto488 and

TMX-201 were supplied from ATTO-TEC (Germany)
and PRC Ticinum Lab (Italy), respectively.

Experimental Procedure

It is possible to formulate rHDL by several methods. In
this project, the detergent depletion method was used.

The method was performed as follows:

e Lipid stock solutions of 25 mM were obtained
by dissolving the lipids in PBS buffer contai-
ning 50 mM sodium cholate. DOPE-atto488 and
TMX-201 were similarly dissolved in cholate.

e The lipids were mixed with the apoA-I solu-
tion such that the final lipid concentration was
2.5 mM as standard, however, in some of the ex-

periments the final lipid concentration was higher.

e The Bio-Beads were added to the samples. The
used mass (in mg) of Bio-Beads was approxima-

tely 60% of the volume of the sample (in pL).

e The samples were stored overnight at 4 °C with
gentle shaking of the eppendorf tubes. For some
of the experiments, the samples were stored at

room temperature.

e The Bio-Beads were removed from the sample by
attaching the eppendorf tube that contained the
sample to the top of a falcon tube with a hole
cut in the lid, see figure 3.3. By centrifugation
(2500 rpm for 3-5 minutes) the liquid was spun
into the falcon tube while the beads remained in

the eppendorf tube.

SEC with the Superdex-200 column was used to chara-
cterize the obtained rHDL. The volume of the column
was 24 mL, the used flow was 0.5 mL/min and each run
was set to 50 min. The mobile phase was PBS buffer,

and UV response at 280 nm was detected.

Figure 3.3: The set-up used to remove the

Bio-Beads from the sample by centrifugation.
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3.4 Transmission Electron Microscopy

The sample was added onto the grid (~3 uL) and was
left for 1 minute before excess solution was removed
with filter paper. A 1% phosphotungstic acid (PTA)
used for negative staining was hereafter added onto the
grid (~3 pL) and left there for approximately 3 minutes
before removing excess stain solution with filter paper.
The grid was now ready to be loaded into the TEM ap-
paratus and imaged. The TEM images were taken by
Casper Hempel, postdoc in the research group, and are

printed with his permission.

3.5 rHDL association with leukocytes

The main aim of these experiments were to design
rHDL for targeting of monocytes in whole human blood
(WHB). The measurements were based on flow cytome-
try to detect the leukocytes and the associated rHDL.
Granulocytes and lymphocytes were detected based on
their morphology using FSC and SSC, while CD14 stai-
ning was used for the detection of monocytes. The fluo-
rescence from atto488 incorporated in the rHDL was
used to detect the rHDL.

Materials

WHB from donors were tapped in Hiruidin tubes. PBS,
PBS/FBS mixture (PBS + 1% Fetal Bovine Serum)
and the human IgG used for blocking were supplied
from Sigma Aldrich. CD14 antibody (CD14-APC Mou-
se IgG,, ) and lysis buffer were supplied from BD
Bioscience (USA).

Experimental Procedure

The formulated rHDLs were mixed with RMPI media
to yield a concentration of 2.5 mM lipids. The solu-
tion with rHDL and RMPI media was then mixed with
200 pL blood and incubated for 1 hour. Hereafter, the
samples were centrifuged (200 g for 5 minutes) and the
supernatant was removed. The samples were incubated
with lysis buffer (diluted 10 fold prior the addition to
the samples) for 15 minutes in order to lyse the red
blood cells, before being washed twice with PBS/FBS
mixture. This process using lysis buffer was repeated,
however, the samples were only incubated for 5 minu-
tes with the lysis buffer the second time. The IgG so-
lution (diluted 25 fold from the stock) was added to

the samples for blocking in order to avoid unspecific

binding. The samples were transferred to a 96-well pla-
te and the CD14 antibody (10 uL) was added to each
sample. After being stored for 30 minutes on ice, the
plate was spun (400 g for 8 minutes) and supernatant
was removed. Two washing steps using PBS/FBS mix-
ture for the first wash and PBS for the second wash
were conducted. Finally, 100 uL. PBS was added, and
the flow cytometry analysis was run (using Gallios™
Flow Cytometer). The measurements were in practice
conducted by Ditte Villum Madsen, PhD student in the
research group, and the gating strategy was also set by
her. All figures from the experiments are printed with

her permission.

3.6 Antigen delivery to dendritic cells

The model antigen SIINFEKL is used for these ex-
periments since the expression of this antigen on the
MHC-I can be detected using a specific antibody. The
cholesterol-anchored SIINFKEL has to be processed by
the DCs in order for the MHC-I:SIINFEKL complex to
be recognised by the antibody. The measurements were
based on flow cytometry which could be used to detect
this antibody as well as distinguish between different
types of DCs using other antibodies. The amount of
rHDL associating with the cells were assessed by de-
tection of fluorescence from atto488 which was incor-
porated in the rHDL.

Materials

The cholesterol-anchored SIINFEKL was synthesized
by Martin Kisha Kreaemer, PhD student in the research
group. The live/dead marker (eBioscience™ Fixable
Viability Dye eFluor™ 780) was supplied from Ther-
mo Fisher Scientific, the antibody specific for MHC-
LSIINFEKL (APC anti-mouse H-2K® bound to SIIN-
FEKL) was supplied from BioLegend (USA), and the

FC block solution was supplied from BD Bioscience.

Experimental Procedure

One million purified DCs from a splenocyte suspension
were seeded in 1 mL medium for each sample to be te-
sted. The medium with cells was distributed in a 24-well
plate, the rHDL samples were added and the samples
incubated overnight. The next day, the cells were stai-
ned with a live/dead marker (diluted 1000 fold from
stock), before adding the FC block solution, which we-
re used to block unspecific binding. Finally, the antibo-
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dy specific for the MHC-I:SIINFEKL as well as other
antibodies used to recognise the different types of DCs
were added to the samples, and the analysis by flow
cytometry was conducted. These measurements were
conducted by Mie Linder Hiibbe, PhD student in the
research group, and the gating strategy was also set by
her. All figures from the experiments are printed with

her permission.

3.7 Study of cytokine secretion

ELISA was used to study the cytokine secretion in
WHB caused by delivering a TLR7 agonist with rHDLs.

Materials

WHB was tapped in Hirudin tubes from donors. RMPI
and PBS were supplied from Sigma Aldrich. A was-
hing buffer (0.05% Tween20 (v/v) in PBS) and reagent
dilution (1% BSA (w/v) in PBS) were prepared for
the ELISA measurements. A reagent dilution solution
containing 0.5% (w/v) BSA and 0.05% (v/v) Tween20
in PBS was used for analysis of the cytokine IFN-a.
The required capture antibody, detection antibody and
standards were all supplied in the ELISA kits from
R&D Systems (Denmark) and diluted in the appropria-
te concentrations as given by the protocol from the spe-
cific ELISA kit. Capture antibody was diluted in PBS
while detection antibody and standard were diluted in
Reagent Diluent. The substrate was 1-Step™ Ultra
TMB-ELISA from Thermo Fisher Scientific. The stop
solution was a 1 M H,SO, solution. Resiquimod (R848)
was supplied from InvivoGen (France), and TMX-201
was supplied from PRC Ticinum Lab.

Experimental Procedure

RMPI media was added to the WHB in 1:7 ratio. The
samples were also diluted in RMPI media such that
when mixing 50 pL sample with 350 u. WHB/RMPI
solution, the final concentration of TMX-201 was
10 pM in the samples containing TMX-201. DMSO,
free TMX-201 dissolved in DMSO and R848 were used
as controls. The samples, mixed with the WHB/RMPI
solution, were incubated at 37 °C for 1 hour before
washing the cells twice with RMPI. The samples were
centrifuged (400 g for 2 minutes) between each wash
such that supernatant without cells could be removed.
Hereafter, the samples with cells were distributed in a

96-well plate and incubated overnight. The next day the

samples were transferred to eppendorf tubes and centri-
fuged (5000 g for 5 minutes), and the supernatant was
transferred to another 96-well plate. The supernatant
was analysed by ELISA using the following procedure.
Note the exact procedure and concentrations depend
on the used ELISA kit.

e The ELISA plate wells were coated with capture
antibody and incubated overnight at 4 °C.

e The wells were washed by removing all the pre-
vious solution and adding 100 pL wash buffer to
each well. The washing procedure was repeated

three times.

e 100 pL reagent diluent was added to the wells in
order to block unspecific binding. The wells were
incubated with the reagent diluent for one hour

at room temperature.

o After washing three times, 50 uL of sample, di-
luted in appropriate concentration with reagent
dilution, was added to the wells. The standards
were also added to the wells with a twofold dilu-
tion series and a well left blank. The plates were

hereafter stored overnight at 4 °C.

o After washing three times, 50 uL detection anti-
body solution was added to the wells, and incu-
bated for 2 hours at room temperature. For the
IFN-« the substrate could be added directly here-
after because the enzyme was already conjugated
to the detection antibody, however, for the other

cytokines an additional step was required.

e The plates were washed three times and 50 pL en-
zyme (Streptavidin-HRP) solution was added to
each well and incubated for 20 minutes at room
temperature protected from light by aluminium
foil (apply for analysis of IL-6, IL-10, IL-12p70).

o After washing the plates three times, 50 upL of
substrate was added to the wells. When an ap-
propriate color change was observed, 50 uL stop
solution was added to each well (apply for analy-

sis of all the cytokines).

e A Victor® multilabel counter from PerkinElmer
(Denmark) was used to detect the absorbance of
each well at 450 nm and 570 nm. The measure-
ment at 570 nm was used to assess the backgro-
und, and was subtracted from the measurement
at 450 nm.
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4. Results and Discussion

Several experiments have been conducted during the project, and the results will be presented and discussed in the

following chapter. In order to obtain a better overview of the experimental results, the results from the purification

of apoA-I, the formulation of the rHDL, the study of the association of rHDL with leukocytes and delivery of

antigen by rHDL to DCs will be presented separately.

4.1 Purification of apoA-I from human plasma

The method used for the purification of apoA-I was op-
timized over several purification runs in order to obtain
a sufficient yield and purity of apoA-I. The optimized
protocol is described in section 3.1. In the following
sections the results from the purification steps will be
presented and discussed. Description of how the steps
were optimized will be included as well. Refer figure 3.1

for overview of the purification process.

4.1.1 Evaluation of the purification step
using Affi-Gel® Blue Media

The first purification step utilizes Affi-Gel® Blue Me-
dia, which consists of beads that can bind the hydrop-
hobic moieties of apoA-I. This step was optimized in
several ways. First of all, a suitable set-up was required
for washing the beads and elution of apoA-I from the
beads. The optimized set-up is seen in figure 3.2. Other
set-ups were used, e.g. a 100 mL syringe with a What-
man No. 1 filter, however several practical difficulties,
such as soaking the Affi-Gel® Blue Media sufficiently,
made these set-ups unfavourable. The optimized set-up
could hold a large volume and could be opened and clo-
sed which allowed for a quick removal of the liquid while
open, and the beads to be soaked for a while when clo-
sed. Furthermore, it was found that the Affi-Gel® Blue
Media had to be regenerated in a 2 M guanidine hy-
drochloride solution after each purification. This was
found, since the second time the Affi-Gel® Blue Me-
dia was used for a purification experiment, significant
lower amount of proteins was released from the beads
than during the first purification experiment (measu-
red by absorbance at 280 nm). Also, much apoA-I was

found in the filtrates collected when washing the be-

ads with buffer A (estimated by SDS-page), indicating
that apoA-I did not bind sufficiently to the beads. The
regeneration of the beads seemed to work effectively,
and similar problems were avoided in later purification

experiments.

For one of the successful purification experiments, fra-
ctions of the filtrates obtained from washing the beads
were collected and analysed by SDS-page. The result
can be seen in figure 4.1 where pure apoA-I and BSA

(Bovine serum albumin) are used as references. It is

evident that there are some apoA-I in the filtrates but

1 2 3 4 5 6 7 8 9
Ladder ApoAl BSA Filtrate Filtrate Filtrate Filtrate Filtrate Filtrate
(0.314 mg/mL) (0.5 mg/mL) 1 2 5 8 11 12

Figure 4.1: SDS-page analysis of the filtrate from washing
the beads. Filtrate 1 was collected before washing, hence, it
is from the solution containing Afi-Gel® Blue Media and
serum. Filtrate 2 and later filtrates were collected from the
washing of the beads with buffer A. The filtrate 11 had
a OD of less than 0.025, hence, this was the last washing
with buffer A. Filtrate 12 is the last filtrate collected from
washing with buffer B.
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it is clearly minimal. It seems reasonable to consider
BSA as a reference for HSA (Human serum albumin),
thus showing that much HSA is washed out in this was-
hing process. It is interesting that filtrate 12 does not
seem to contain any HSA. Filtrate 12 is collected after
the washing with buffer without NaCl. As previously
discussed, the beads can bind albumin effectively, but
the high NaCl concentration of buffer A causes it to be
released. Hence, either the remaining HSA binds to the
beads when washing with buffer B, or there is simply
not sufficient HSA left to yield a band. The importance
of the washing process is clearly indicated by figure 4.1

since much of the unwanted proteins are removed.

Elution of apoA-I
The elution of apoA-I from the Affi-Gel® Blue Media

was conducted with a buffer containing cholate (buffer
B Elu). Some studies were made concerning the release
of the apoA-I from the beads which will be described
in the following.

Cholate or Triton X-100 as elution agent: Tri-
ton X-100 has to be used as a detergent in later puri-
fication steps, which consequently require cholate and

triton X-100 to be exchanged, e.g. by dialysis. If triton

1 2 3 4

Elution buffer  Elution buffer
with cholate with Triton X-100

Ladder ApoAl

Figure 4.2: SDS-page used to investigate the poten-
tial of using either cholate or triton X-100 as elution
agent in the buffer used for elution of apoA-I from Affi-
Gel® Blue Media.

X-100 could be used as the elution agent, it should rem-
ove the need for the following dialysis, thus optimizing
the purification process. The effectiveness of cholate
and triton X-100 as elution agents were investigated
by submerging 3 mL beads from after the washing step
in both a cholate solution and a triton X-100 solution,
and comparing the amount of released apoA-I, which
was measured by SDS-page. The result can be seen in
figure 4.2. It is clearly evident that triton X-100 does
not seem to be an effective elution agent, thus cholate

has to be used.

The effect of temperature on the elution: The
temperature might also affect the elution of apoA-I,
hence, in order to investigate the potential effect, the
Affi-Gel® Blue Media solution obtained after the was-
hing steps was stored with cholate at 4 °C overnight
followed by 4 hours at room temperature the next day.
Stirring was used both at 4 °C and room temperature.
Samples were taken from the elution buffer after each
storage period. The samples were analysed by SDS-
page, and the results can be seen in figure 4.3. Using
imagelJ, the intensity was plotted, and the measured in-
tegral under the peaks were 10,604 and 12,410 for the

sample after 4 °C and room temperature, respectively.

Size
[kDa]

~125
~72
~57
~42
~31

~24
~18

~15
~8

1 2 3 4

Elution buffer Elution buffer
after storage after storage
at4°c atRT

Ladder ApoAl

Figure 4.3: SDS-page used to investigate the effect of
temperature on elution of apoA-I from Affi-Gel® Blue
Media.
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The low temperature does not seem to limit the elu-
tion of apoA-I, however, the storage at room tempera-
ture did seem to increase the amount of eluted apoA-I
further. Hence, in further studies the solution is stored
at room temperature for 2-3 hours after the incubation
at 4 °C overnight. Note that the higher temperature
can be unfavourable for the proteins, which is why the
sample is not incubated at room temperature for more

than 4 hours.

4.1.2 Evaluation of the purification step

using Q-Sepharose column

The Q-Sepharose column is an anionic affinity column,
thus it is supposed to bind the anionic moieties of
apoA-I., which are present at pH 8. In the first puri-
fication run the solution obtained from the elution of
apoA-I from the Affi-Gel® Blue Media was not concen-

trated nor dialysed. Equal volumes of the obtained
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Figure 4.4: The chromatogram obtained from the elution on the Q-Sepharose column. The chromatogram is only shown
after applying the gradient, however, it was prewashed with two column volumes of buffer C before the gradient was applied.

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10

ApoAl ApoAl Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction
(0.314 mg/ml) (0.157 mg/mL) 5 6 7 8 9 10 11 12

ApoAl ApoAl  Fraction Fraction Fraction Fraction Fraction Fraction

Fraction Fraction
(0.314 mg/ml) (0.157 mg/ml) 13 14 15 16 17 18 20

Figure 4.5: SDS-page on the collected fractions of interest. Fraction 12, 13 and 14 were pooled and used in the further

purification processes.
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solution and a buffer containing 25 mM Tris, 1 mM
CaCl,, 5 mM EDTA and 0.2 % Triton X-100 (pH 8)
were mixed, yielding a total of approximately 200 mL.
This volume was loaded to the Q-Sepharose column.

The column was washed with two column volumes of

buffer C in order to remove unbound substances, before
a linear gradient of buffer C elu was applied. The resul-
ting chromatogram had a peak briefly after the gradi-
ent was applied. However, the peak value was approxi-

mately 360 mAU, which was significantly lower than

800 T T T

600 [~

400
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-200

-400

Absorbance @280 nm [mAu]
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Figure 4.6: The chromatogram during the purification step using the SP-Sepharose column. The gradient with buffer D
elu was applied after 40 mL. The fractions which were analysed further by SDS-page are shown and numbered.
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Figure 4.7: SDS-page analysing the collected fractions of interest obtained from the SP-Sepharose column. All the fractions

were pooled and used in the further purification process.
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expected. Fractions were collected during the elution,
and the fractions correlated to the observed peak were
analysed by SDS-page. It was found that some apoA-I
indeed was eluted at this volume, but quantification
of the amount of apoA-I, as described in appendix A,
indicated that much less apoA-I was collected than lo-
aded to the column. The waste collected when loading
the sample was also analysed by SDS-page, and apoA-I
was found in the waste in rather large quantities. Hen-
ce, it seems that apoA-I did not bind sufficiently to the
column. This might be explained by the fact that too
large volume was used. Cholate is present in buffer B
elu, and it will consequently be present in the sample
that is loaded to the column. Cholate is negatively ch-

arged (6%

, thus it can potentially bind to the column.
When the relatively large volume is loaded to the co-
lumn, it will clearly result in a relatively large amount
of cholate being loaded as well. This might saturate the
column, making it difficult for apoA-I to bind, there-
by resulting in apoA-I in the waste as observed. This
might be circumvented by concentrating the sample ob-
tained after treatment with Affi-Gel® Blue Media, and
using dialysis to exchange cholate with triton X-100.
Obviously, there will still be some cholate present but
since the amount is reduced, the column might not be
saturated making it possible for apoA-I to bind more
effectively. Note that triton X-100 is used to ensure that
the proteins do not aggregate.

In later experiments, the sample obtained after treat-
ment with Affi-Gel® Blue Media was concentrated and
dialysed before being loaded to the column. In one of
these runs approximately 40 mlL concentrated samp-
le (OD 1.16 at 280 nm) was loaded to the column and
eluted with a linear gradient, which yielded the chroma-
togram seen in figure 4.4, where the collected fractions
are indicated. The fractions of interest from this run
were analysed by SDS-page, as seen in figure 4.5. Fra-
ction 12 and 13 contain much apoA-I while fraction 14
also seem to contain some, thus, these fractions were

pooled and used in the later purification steps.

4.1.3 Evaluation of the purification step

using SP-Sepharose column

The pooled sample obtained after the Q-Sepharose co-
lumn was dialysed against the Dilution Buffer in order
to remove the NaCl and lower the pH, and subsequently
loaded onto the SP-Sepharose column. After loading
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Figure 4.8: The chromatogram obtained when applying
one of the concentrated fractions obtained after the SP-
Sepharose to the Superdex-200 column. The measured ab-
sorbance is normalized with respect to the peak around
14 mL and compared with a chromatogram obtained from

applying the supplied apoA-I to the column.

the sample, it was washed with buffer D before the gra-
dient was applied. The obtained chromatogram is seen
in figure 4.6. It is evident that a broad peak is obser-
ved during the washing which must be attributed to
the proteins or other substances that do not bind to
the cationic column. Obviously, this illustrates the im-
portances of this column since a lot of unwanted pro-
teins are removed. The negative peak in the chroma-
togram might be due to lack of triton X-100 at this
eluted volume, since there is triton X-100 in the buffer
which works as the reference, and triton X-100 absorb
at 280 nm. Fractions collected during this negative pe-
ak was analysed by SDS-page, and did not seem to
contain any detectable proteins. Fractions between re-
tention volumes of 82 and 100 mL (shown and numbe-
red in figure 4.6) were analysed by SDS-page, and the
result is presented in figure 4.7. Most apoA-I seem to
be in fraction 3 and 4, and there are minor impurities
in some of the fractions, however, since all fractions se-
emed to contain apoA-I, they were pooled and used for

the further purification process.

4.1.4 Evaluation of the purification step

using Superdex-200 column

The fractions collected after the SP-Sepharose column
were concentrated and applied to the Superdex-200 co-

lumn, which can separate the proteins by size. The
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chromatogram obtained from one of the purification
runs are seen in figure 4.8, where the absorbance is nor-
malized with respect to the peak around 14 mL, and
compared to a chromatogram obtained by using some of
the supplied apoA-I. Note that the peak observed aro-
und 17-19 mL most likely can be attributed to elution
of triton X-100. The peak seen around retention volume
of 13-16 mL can presumably be attributed to apoA-I,
hence, fractions collected during this peak was pooled
after confirming preference of apoA-I in each fraction by
SDS-page. Absorbance at 280 nm of the pooled sample
was measured by a Thermo Scientific™ NanoDrop™
Spectrophotometer, and by using the known extension
coefficient and molecular weight of apoA-I, the concen-

tration could be estimated.

4.1.5 Evaluation of the purification

process

The discussion in the previous sections have focussed

on each purification step, however, it seems relevant to
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consider the purification process as a whole and com-
pare the purity and yield gained in each step. This was
done for the second successful purification run which
yielded approximately 12 mg apoA-I. This yield was
estimated by the absorption at 280 nm, however, the
yield can also be estimated by using SDS-page quan-
titatively, refer appendix A. The purity of apoA-I was
also estimated by the SDS-page for each purification
step. The purity consider in this case the amount of
apoA-I relative to other proteins which are detectable
by the SDS-page. The SDS-page of the samples taken
after each purification step are seen in figure 4.9 A
while the estimated yield and purity are presented in
figure 4.9 B. Note that it is difficult to define the band
that is associated with apoA-I for serum, hence, the
estimate of the amount of apoA-I in serum is associa-
ted with great uncertainty. It is, however, noted that
the yield of approximately 74 mg from 50 mL plasma
correspond well with the fact that human plasma con-
tain 1-1.5 mg/mL apoA-11°6l. The band associated with
apoA-I is more obvious for the other samples. Further-
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Figure 4.9: Overview over the effect of each purification step used in the purification of apoA-I. The following notations
are used in the figures: Affi-Gel refers to Affi-Gel® Blue Media, Q-column refers to the Q-Sepharose column, SP column
refers to the SP-Sepharose column and Superdex refers to the Superdex-200 column. (A): SDS-page samples taken after
each step. In order to obtain bands of similar intensity, the samples were diluted differently. (B): Yield and purity after each
purification step estimated by the SDS-page. Since SDS-page does not provide very accurate quantification, the yield should
be considered with some uncertainty. The purity is in the case the amount of apoA-I relative to other proteins detectable

by the SDS-page.
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more, the dark areas in the top of some of the wells
(especially well 3 and 4) are not included in the calcu-
lation as it is believed to be an artifact, since including

them in the calculations yielded unreliable results.

It is evident that the yield decreases for each purifica-
tion step while the purity increase till approximately
99% for the final sample. The serum obviously contains
a lot of proteins, however, after the Affi-Gel® Blue Me-
dia a lot of these proteins are removed, e.g. the albu-
min which is believed to be associated with the large
band between 55 and 70 kDa. The yield also decrea-
ses a lot during this step, probably since some apoA-I
are also released during the washing of the Affi-Gel®
Blue Media with buffer A, and because some apoA-I
might not be released from the beads of the Affi-Gel®
Blue Media by the elution buffer (buffer B elu). Appa-
rently, the yield also decreases significantly when using
the Q-Sepharose column, however, only a minor increa-
se in purity is obtained. However, the purification step
might still be important, since it potentially removes ot-
her substances than proteins, which are not detectable
by the SDS-page. It is noted that the dark area in the
top of the well 4 is removed after the SP-Sepharose co-

lumn. One explanation for this band could be that it
was related to debris from dead cells which, since cell
membranes are generally negatively charged, are rem-
oved during the SP-Sepharose column which only bind
cationic substances. The Superdex-200 column separa-
tes the proteins by size, and it is evident that proteins
which are both smaller and larger than apoA-I are rem-
oved during this step. A high purity of approximately
99% is obtained after purification. The final yield of
apoA-I is estimated by the SDS-page to be approxima-
tely 11 mg. This is fairly close to the yield estimate
by the absorption though, it has to be kept in mind
that quantification by SDS-page cannot be considered
very accurate, and should primarily be used relatively

to other samples in the same gel.

During the project two successful purification runs we-
re conducted which yielded approximately 6 mg and
12 mg purified apoA-I, respectively. Hence, the second
purification run yielded twice as much purified apoA-I
as the first purification run, illustrating the importance
of optimisation and experience with the method. The
purified apoA-I was used for several experiments con-

cerning the formulation of rHDL.

4.2 Formulation of reconstituted high-density lipoproteins

The formulation of rHDL can be affected by chan-
ging both the lipid composition and varying the li-
pid/protein ratio. Several studies were conducted in or-
der to determine the effect of changing these parame-

ters. The rHDLs were primarily characterized by SEC.

4.2.1 Formulation of rHDL with purified
apoA-I

In order to assess if the purified apoA-I could be used
to formulate rHDL, both the supplied and the purified
apoA-I were used to formulate rHDL, and the obtained
SEC chromatograms were compared. The rHDLs were
formulated with DMPC and a lipid /protein ratio of 100.
The result can be seen in figure 4.10. It is evident that
both chromatograms have a peak around 11.5 mL. It
was found that free apoA-I is eluted around 14-15 mL
by running a pure apoA-I sample through the column,

thus the particles seem to be larger, corresponding well
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Figure 4.10: The chromatograms obtained from the rHDL

formulated with DMPC and either the supplied or purified

apoA-I. The chromatograms are normalized. Clearly, the

chromatograms are similar indicating that rHDL was suc-

cessfully formulated with the purified apoA-I.
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with the assembly of rHDL. Furthermore, the two
chromatograms clearly seem equivalent, thus indicating
that rHDLs are successfully formulated with both sup-
plied and purified apoA-I. It is further indicated that
the approximated concentration of the purified apoA-I
seems reasonable, since assuming a significant incorrect
concentration would have shifted the lipid /protein ra-
tio which would have resulted in an effect observable
by the chromatogram (refer section 4.2.2). A minor pe-
ak is seen around 14-15 mL when using the purified
apoA-I which could be free apoA-I, however, it could
also be other proteins which are not discarded during

the purification process.

4.2.2 The effect of the lipid /protein ratio

The lipid /protein ratio is an important parameter when
formulating rHDL. In order to obtain rHDLs with a
monodispersed distribution a certain optimal ratio is
required. This optimal ratio can differ depending on
the particular lipid composition used in the rHDL, sin-
ce the surface area of the lipids might differ. (6] Hence,
the effect of changing the lipid/protein ratio of rHDLs
with either DMPC or POPC was investigated.

Optimal lipid/protein ratio for DMPC rHDL

The obtained chromatograms from SEC analysis of the

rHDLs consisting of DMPC with varying lipid/protein

ratio can be seen in figure 4.11. Note that these rHDLs
particles were formulated with the supplied apoA-I. A
major peak appears for all of the sample at the reten-
tion volume of approximately 11.5 mL. It is believed
that this peak is associated with the rHDL of approxi-
mately 10 nm. The lipid /protein ratio of 50 results in a
shoulder to the right of the major peak. It seems logical-
ly that the low ratio would result in some free apoA-I
since there might be lack of lipids to form additional
rHDLs with the free apoA-I, hence, the signal between
13-15 mL might be attributed to free apoA-I or apoA-I
with only few associated lipids that therefore do not
assemble into rHDL. In contrast, the lipid/protein ra-
tio of 160 results in a shoulder to the left of the major
peak, which might be attributed to larger rHDL parti-
cles. The 9.6 nm sized endogenous HDL consist of two
apoA-I proteins, however, it is also possible to obtain
rHDLs with more protein per particle!!!. The signal at
9-10 mL might correspond to these larger rHDL par-
ticles which consist of more than two apoA-I proteins.
It might also be caused by aggregated rHDL particles,
however, since there is no signal at the void (approxi-
mately 7-8 mL), it would only be smaller aggregated
structures, hence, it does not seem to be an uncontrol-
lable aggregation, and therefore the signal is believed
to be associated with rHDLs. It is also notable that the

major peak for the sample with the ratio of 160 seems
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Figure 4.11: The SEC chromatograms obtained from
the analysis of rHDLs formulated with DMPC and
varying lipid/protein ratio.

Retention volume [mL]

Figure 4.12: The SEC chromatogram obtained the
analysis of rHDL formulated with POPC and varying
lipid /protein ratios. Each chromatogram is normalized.
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to differ slightly from the major peaks from the two ot-
her samples. This might be explained by the fact that
more lipids are squeezed into the rHDL when higher ra-
tios are used, which might result in larger particles. The
extra lipids might also induce some structural changes
in the rHDL, thus forming even larger rHDLs which still
have only two apoA-I proteins but are eluted between
9-10 mL.

The ratio of 100 seems most optimal if a monodispersed
distribution of the DMPC rHDLs is desired. A relati-
vely sharp peak is obtained when using this ratio with
minimal signal around 14-15 mL, thus indicating that

nearly all of the apoA-I are associated in the rHDLs.

Optimal lipid /protein ratio for POPC rHDL

The lipid/protein ratio was also varied for the rHDLs
consisting of POPC. The chromatograms obtained by
characterisation using SEC are seen in figure 4.12. As
it was the case for the rHDLs consisting of DMPC,
peaks are seen around 11.5 mL for all chromatogram
which most likely are correlated to approximately 10
nm sized rHDL. It is evident that the ratio of 100 re-
sults in a minor shoulder to the left of the peak, indi-
cating that lower ratios are desired if a monodispersed
distribution of rHDLs are to be obtained. Hence, these
results indicate that there is a difference in the opti-
mal ratio depending on the lipid used in the rHDL. As
previously discussed this difference can be attributed
to the difference in surface area of the lipids, since the
effective area of DMPC is ~50 A2 while the effective
area of POPC is ~68 A2166l From figure 4.12, it is
seen that ratios lower than 75 result in a shoulder to
the right of the peak which eventually results in a di-
stant peak around 12.7 mL when ratio is lowered to
55. Furthermore, there seems to be an increase in the
minor peak around 15 mL, which could correspond to
free apoA-I. Thus, it is indicated that the most optimal
ratio in order to obtain a monodispersed distribution of
the POPC rHDLs is between 75 and 85, hence, a ratio
of 80 was used for further studies when monodispersed
POPC based rHDLs were desired. A full chromatogram
obtained from investigation of POPC rHDL particles
with a ratio of 80 is presented in figure 4.13. Although,
the ratio is optimized, there still seem to be a minor
shoulder to left of the major peak, and the distribution
is wider than for DMPC rHDL. This illustrates that it
is difficult to obtain a fully monodispersed distribution
of POPC rHDLs which could be due to the fact that
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Figure 4.13: Chromatogram from SEC analysis of POPC
rHDL formulated with a lipid/protein ratio of 80.

POPC is unsaturated, thus being more difficult to pa-
ck tightly in the rHDLs. However, POPC based rHDLs
were still used for the experiments of this project. This
is due to the fact that POPC rHDL mimics the endo-
genous HDL better than the DMPC rHDL, since nature
mostly used unsaturated lipids!6”!, hence, POPC rHDL
might be better suited for biomedical applications, and
it is probably therefore POPC based rHDLs often are

used for clinical trials/].

Increasing the lipid/protein ratio

As previously discussed, higher lipid/protein ratios
than the optimal ratio seem to cause a shoulder to the
left of the major peak which might be attributed to
larger rHDL particles which consist of more than two
apoA-I proteins. It could be interesting to increase the
ratio further in order to assess if a monodispersed di-
stribution of larger rHDL particles could be obtained.
This was done for POPC rHDLs as well as for PO-
PC:DOTAP 90:10 rHDLs. The incorporation of catio-
nic DOTAP seems to cause a shift in the size distri-
bution slightly to the left, which will be discussed in
more detail in section 4.2.3. However, it could indeed
be interesting to study the effect of increasing the ra-
tio for these rHDLs as well, since DOTAP might prefer
larger sized rHDLs, thus a monodispersed distribution
of larger rHDL particles might be easier obtained for
the POPC:DOTAP rHDL than for the POPC rHDL.

The results of these experiments are seen in figure 4.14.

Note that the chromatograms are normalized, hence,
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their total integral cannot in this case be considered as
a relative indication of the amount of apoA-I. It is evi-
dent that as the lipid /protein ratio is increased for both
POPC and POPC:DOTAP rHDLs, distant peaks ap-
pear at lower retention volumes. For the POPC rHDL
using a ratio of 150, four peaks appear. The first pe-
ak around 7.7 might be caused by liposomes, since it
appears around the void of the Superdex-200 column.
Liposomes will yield a signal at the measured 280 nm
due to light scatter, and they can indeed be formulated
by the same approach used to formulate rHDL if con-
ducted without apoA-I. This was done for the liposomes
which were used to measure the void of the column, re-
fer appendix A. Hence, the additional lipids which are
available, when using higher ratios than the optimal ra-
tio, might self-assemble into liposomes. The three pe-
aks following the peak at the void could possibly be
larger sized rHDL particles which consist of different
amount of apoA-I. It is evident that distant peaks still
appear when increasing the ratio from 150, though the
two peaks immediately after the peak at the void seem
to be smeared together and minor peaks/shoulders also

appear.

In contrast to the effects observed for POPC rHDLs,
the POPC:DOTAP rHDLs do not yield any peak at the
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void, thus these samples do seemingly not contain many
liposomes. It is indeed interesting that though DOTAP
shift the distribution slightly to the left when using ra-
tios of 75 and 100, it apparently hinder the formation
of liposomes when increasing the ratio further, which
might be because DOTAP prefers the incorporation in-
to larger rHDL particles instead of liposomes. Hence, it
seems possible to obtain a higher yield of larger rHDL
particles when using POPC:DOTAP than when solely
using POPC in the rHDL. The three peaks which are
observed when using a ratio of 150 remains distinguis-
hable when increasing the ratio further. Although, the
peaks at lower retention volume increase, and the peak
at higher retention volumes decreases when the ratio
is increased, there seem to be a limit to how much the
distribution can be shifted as the effect is less pronoun-
ced when increasing the ratio above 200. Hence, though
the amount of presumably larger rHDL particles increa-
se, it seems that the self-assembly of smaller rHDLs of
approximately 10 nm cannot be avoided. It does con-
sequently not seem possible to obtain a monodispersed
distribution of larger sized rHDL particles with neither
the POPC rHDLs nor the POPC:DOTAP 90:10 rHDLs.
Note that the presumably larger rHDL particles might
be isolated by collecting fractions during SEC analysis.

POPC DOTAP 90 10 rHDL
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Figure 4.14: Investigation of the effect of varying the lipid/protein ratio of the POPC and POPC:DOTAP 90:10 rHDL.
The SEC chromatograms are normalized and only the retention volumes of interest are shown.
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This would allow for further analysis of the rHDL par-
ticles, and it could be interesting to determine if the
larger rHDL particles actually did contain more than
two apoA-I proteins per rHDL or if the additional lipids
simply caused a structural change in the rHDLs such
that larger sized rHDL particles were formed with only
two apoA-I proteins per particle. Obviously, the isola-
ted larger rHDL particles might not be stable, and the
stability of each fraction needed to be studied as well.
These studies were not conducted in this project, and
the focus was mainly the rHDLs of approximately 10
nm, since these could be formulated with a somewhat

monodispersed distribution.

4.2.3 Effect of a cationic lipid composition

In order to use similar lipid composition in the rHDL
as Pia T. Johansen et al.’% used for liposomes and
thereby potentially obtaining specificity towards mono-
cytes, incorporation of cationic lipids in the rHDL was
required. POPC based rHDLs were formulated with va-
rious amount of the cationic lipids DOTAP and EPC

POPC:EPC rHDL

in order to evaluate the effect of incorporating cationic
lipids in the rHDL. The lipid/protein ratio was kept at
80. The result can be seen in figure 4.15. A minor shoul-
der to the left of the major peak appears when using
both 5% and 10% of the cationic lipids in the rHDL.
The shoulder observed when using 5% EPC seem ar-
bitrarily large and is considered to be an artefact from
either the preparation or the characterization, especi-
ally since the shoulder observed when using 10% EPC
is less obvious. Although the shoulders which appear
when using 5% and 10% cationic lipids seem slightly
more pronounced than the shoulder which appears for
the pure POPC rHDL, it is difficult to assess if the ob-
served shoulders are caused by the incorporation of ca-
tionic lipids since a shoulder also appears for the POPC
rHDL. A more obvious shift in the distribution is se-
en when incorporating 25% cationic lipids. A difference
between POPC:DOTAP and POPC:EPC rHDL is also
seen when using 25% of the cationic lipid. The distri-
bution is shifted to the left for both samples, however,
the POPC:EPC rHDL still seem to have a major peak

POPC:DOTAP rHDL
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Figure 4.15: Chromatograms obtained from SEC analysis of rHDLs with various amount of DOTAP and EPC incorporated.
The full chromatogram is shown for the POPC rHDL while only the retention volumes of interest are shown for the other
samples, however, no peaks were observed at other retention volumes than shown.
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at approximately the same position as POPC rHDL,
whereas the POPC:DOTAP rHDL has three peaks of
almost similar intensity. As seen from the structure of
DOTAP and EPC, refer figure 1.12, EPC mimics PO-
PC better than DOTAP, thus this might explain that
it is more effectively incorporated. There might be so-
me repulsion between the cationic part of the apoA-I
and the cationic lipids, which could explain the obser-
ved shift in the chromatograms, since high amounts of
EPC and DOTAP might be preferably incorporated in
larger sized rHDL particles.

The incorporation of DOTAP was also conducted using
POPC based rHDLs formulated with a lipid /protein ra-
tio of 100, and similar effects were observed, however,
with a more pronounced shift of the size distribution
to the left when using 10% DOTAP. The results from
these experiments are presented in figure 4.19 that also
considers the stability of the rHDLs, which will be di-

scussed later.

Incorporation of charged lipids

Native page was used to assess if the charged lipids
were successfully incorporated into the rHDLSs, thus re-
sulting in rHDLs with varying charge. The native page
does not denature the protein during electrophoresis,
hence, it should be possible to analyse the assembled
rHDL. The velocity of the rHDL during electrophoresis
will then depend on the size and charge. It is evident
from figure 4.15 that the addition of cationic lipids af-
fect the size distribution of the rHDLs. Hence, in order
to eliminate the effect of size during electrophoresis, fra-
ctions eluted from the SEC column between the same
retention volumes were collected and analysed by na-
tive page. Although there might be a size distribution
in the collected fractions, the size should be approxi-
mately equal across each fraction, hence, the movement
during electrophoresis should mainly depend on charge.
Fractions between retention volumes of 11.5 and 12 mL
were collected. As seen from figure 4.15, this fraction
encompasses the majority of the main peak for most of
the formulations, however, some fractions will contain
lower concentration of rHDL due to shift in the size di-
stribution. The result for the analysis of the fractions
using native page is seen in figure 4.16. rHDLs with
POPC:DOPG 90:10 were also analysed. The middle of
the bands are indicated by the red line since the bands

are relatively wide, however, some of them also have a
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Figure 4.16: Native page analysis of fractions collected
between retention volumes 11.5 - 12 mL during SEC analy-
sis. Hence, they should have similar size and the movement

should mainly depend on the charge of the rHDL.

tail upwards in the gel which are neglected when set-
ting the red line. The samples containing rHDL of PO-
PC:EPC 75:25 and POPC:DOTAP 75:25 do not yield
a well-defined band, possibly due to a too low concen-
tration of rHDLs. This makes the red line mark rather
arbitrary, though it set as an estimate of the middle of
the band.

It is evident from the results of the native page that
all the formulations migrate towards the anode which
indicates that they all have an overall anionic charge
though they are formulated with a cationic lipid com-
position. If the overall charge was cationic, they should
most likely be detectable in the bottom of the well, but
this was not found to be the case (note that the bot-
tom of the well is not shown in the figure). Even the
formulation with 25% cationic lipids did not seem to ac-
cumulate in the bottom of the well, however, it might
not have been detectable due to the low concentration
or more cationic lipids might have been incorporated in
the larger sized rHDL particles which were not investi-
gated. Although the bands are not separated much, it
does seem that the rHDLs become slightly more catio-
nic when using 5% and 10% cationic lipids (both EPC
and DOTAP). rHDLs formulated with 10% cationic li-
pids yield a tail upwards in the gel, which might be
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attributed to the positive charge since varying amount
of incorporated cationic lipid might cause different mi-
gration velocities. The rHDL with a negatively charged
lipid composition, i.e. POPC:DOPG 90:10 rHDL, seems
to have migrated further down in the gel as expected if
it was more negatively charged than the other formu-

lations.

Considering the observed effects from the native page,
it is evident that the charged lipids do seem to be incor-
porated in the rHDLs. However, the amount of charged
lipids in the rHDL cannot be quantified using the native

page. This could be an interesting parameter to study,
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especially since the charged lipids affect the size distri-
bution of the rHDLs; i.e. it could be interesting to study
if for example cationic lipids are preferably accumulated
in larger sized rHDL particles. This quantitative evalu-
ation might be achieved by analysing fractions eluted
from the SEC column using mass spectroscopy, howe-

ver, such studies were not conducted in this project.

4.2.4 Incorporation of drug and

fluorophore

It is obviously important that the drug and fluorophore
are effectively incorporated in the rHDL. The fluorop-
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Figure 4.17: Investigating the incorporation of DOPE-atto488 and TMX-201 in the rHDL. (A): The absorption spectrum
of DOPE-atto0488. (B): SEC analysis of rHDL formulated with POPC:DOTAP:DOPE-att0488 89.9:10:0.1 and a lipid protein
ratio of 200. The chromatograms obtained when measuring the absorbance at 280 nm and 500 nm peak at similar retention
volumes indicating that DOPE-atto488 is effectively incorporated in the rHDL. (C): The absorption spectrum of TMX-201.
(D): SEC analysis of POPC:DOTAP:TMX 85:10:5 rHDL and POPC:DOTAP 90:10 rHDL with a lipid/protein ratio of
200. The fact that the measured intensity is higher over the peaks for POPC:DOTAP:TMX 85:10:5 rHDL, indicates that

TMX-201 is effectively incorporated in the rHDLs.
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hore (att0488) was used to detect the rHDL during flow
cytometry analysis, while TMX-201 was used to initiate

an immune response by activation of TLR7Y.

The absorption of the DOPE-atto488 in solution was
measured, as seen in figure 4.17 A. It has an ab-
sorption peak at approximately 500 nm. Hence, fol-
lowing the absorption at 280 nm and 500 nm during
SEC analysis, it could be assessed if DOPE-atto488
and apoA-I were eluted at the same retention volu-
me which would indicate an effective incorporation of
DOPE-atto488 in the rHDL. Note that rHDL without
DOPE-atto488 did not have a significant absorption at
500 nm. The result can be seen in figure 4.17 B where
the 0.1 mol% DOPE-att0488 was incorporated in PO-
PC:DOTAP 90:10 rHDL with lipid /protein ratio of 200.
Clearly, the DOPE-atto488 seems to be well distributed

over the entire size distribution of rHDLs.

When formulating rHDL with TMX-201, the TMX-201
first had to be dissolved in the cholate solution, which
was achieved with some difficulties using heating and
sonication. The expected concentration of dissolved
TMX-201 was confirmed by Martin Kisha Kraemer
by reverse phase HPLC. Considering the absorption
spectrum of TMX-201, see figure 4.17 C, it is evident
that it has a peak around 280 nm. This could poten-
tially be detectable by SEC analysis as well, i.e. a hig-
her signal would appear for the rHDL with TMX-201
relative to the rHDLs without TMX-201, if TMX-201
was incorporated effectively. This was indeed found to
be the case, see figure 4.17 D, and since the measured
intensities seem higher over all the observed peaks, it
is indicated that TMX-201 is well distributed over the
entire size distribution of rHDLs. POPC:DOTAP:TMX
85:10:5 rHDLSs with lipid /protein ratio of 200 were used.

Cholesterol-SIINFEKL was also incorporated in the
rHDL, however, it did not have an absorption chara-
cteristic that could be used to assess the incorporation
by SEC. Hence, other methods have to be used to eva-
luate the incorporation into the rHDL, e.g. by analysing

the collected fractions from SEC by mass spectroscopy.

4.2.5 Estimation of the rHDL size

It has previously been stated that it is believed that
rHDL of ~10 nm is eluted during SEC analysis at re-
tention volume of approximately 11.5 mL. However, a
more direct estimate of rHDL size is desirable, as it

would also be a confirmation of the successful formation

of rHDL. Note that the size of the formulated rHDL
might differ from the endogenous 9.6 nm sized HDL.

Two approaches were used to characterize the size of
the tHDL. First of all, the size was estimated by SEC
after calibration of the Superdex-200 column with pro-
teins of known size. The used proteins were eluted as
seen in figure 4.18 A (the proteins were obtained from
a standard Gel Filtration Calibration Kit HMW from
GE Healthcare). Using the peak position of each pro-
tein, the following correlation between the mass of the
protein (M,,) and retention volume (Vg) could be ob-

tained:
log;o(M,,) = —0.21- VR + 7.8
(;

Mw — 10(—0.21'VR+7.8)

Rather than the protein mass, it is actually the hy-
drodynamic radius of the proteins that is related to
the retention volume!®8l. It is stated in literature 68!
that the correlation between protein mass (in Dalton)
and hydrodynamic radius (in nm) can be estimated as
R = 0.081 - Ml/?’7 if the proteins are assumed spheri-
cal. Using this, and the previous obtained expression
for M,,, the correlation between the retention volume
and the hydrodynamic radius (Ry) can be estimated

as follows:

Ry = 0.081 - (10—0»21-<va>+7.8>1/3
(3

7.8 —logyg ((%)3)
0.21

where the units of Ry and Vg is nm and mL, respecti-

Vi =

vely. The invesitgated rHDLs are presumably discoidal,
hence, the hydrodynamic radius might not be identical
to the radius of the disc!%9l. Tt is stated in literature!6!
that the correlation between the hydrodynamic radius
and the radius of a disk is:

. 3Rp

Ry 5

([1 +a?'? 4 éln(a + 1+ V%) - a)) )

where Rp is the radius of the disc and a = ﬁ. The
thickness of the disk is L, and since it for the rHDL is
considered as the thickness of the lipid bilayer, it is set
to be 4 nm. Using this expression as Ry in the previous
expression for Vg, a dependence between Rp and Vg
can be obtained numerically. The result for the diame-
ter of the disc is seen in figure 4.18 B, which indicates

that the rHDLs eluted at retention volumes of 11.5 to
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12 mL seemingly have sizes between 10.3 to 11.4 nm.
This is reasonable though slightly higher than the
expected 9.6 nm. There might be some approximations
in the used expressions which caused this difference.
Furthermore, since the lipid composition of the rHDL
differs from the endogenous rHDL, the diameter might
not be exactly the same, even though the apoA-I pro-
teins constitute the boundaries of the rHDL.
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Although the calibration of the Superdex-200 column
gives better insight into the size of the rHDL, it is still a
relatively indirect measurement. Hence, in order to ma-
ke a more direct estimation of the size, TEM analysis
was conducted. It would give a more accurate insight in-
to the rHDL structure by imaging them in aqueous con-
dition. This can be achieved by using cryo-TEM, howe-

6 8 10 12 14 16 18
Retention volume [mL]

Figure 4.18: (A): Calbriation of the Superdex-200 column using proteins with different mass. The following proteins were
used: 1) Thyroglobulin (669 kDa), 2) Ferritin (440 kDa), 3) Aldolase (158 kDa), 4) Conalbumin (75 kDa), 5) Ovalbumin
(44 kDa). The corresponding peak is numbered in the figure. (B): The estimated correlation between the retention volume
and the diameter of the discoidal rHDL particles. (C): TEM analysis using PTA as negative stain.
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ver, though cryo-TEM measurements of some samp-
les were conducted, it was not possible to observe the
rHDLs clearly enough to make quantitative measure-
ments due to too low contrast (data are consequently
not shown). Hence, TEM analysis using negative stain
was conducted instead. When using the negative stain
PTA, rouleau structure appeared as expected, see fi-
gure 4.18 C. It has also been observed in other stu-
dies that PTA causes the formation of rouleau struc-
ture due to electrostatic interactions between the ne-
gative charge on PTA and positive charge on the he-
ad group of the phospholipids!®3!. An average diameter
of 11.75 £+ 1.85 nm was measured from the rHDL rou-
leau structures. Again, this is slightly higher than the
expected 9.6 nm, but fairly close to the estimate ob-
tained from calibration of the Superdex-200 column.
However, the boundaries of the rHDL rouleau structu-
res in figure 4.18 C are not well-defined, hence, a great
uncertainty is associated with the estimated size. More
well-defined rHDL rouleau structures might appear if
the concentration of rHDL in the investigated sample
was lowered, since it might make it easier to obtain an
image with better resolution, thereby obtaining a more

accurate estimate of the rHDL size.

Although the size estimate from the TEM analysis is
associated with great uncertainty, it is, however, a clear
indication that rHDLs were successfully formulated and
can be related to the peak seen around 11.5 - 12 mL
during SEC analysis. Even though the size of the rHDL
was estimated slightly higher than expected, the fact
that the rHDLs behave as expected when using PTA
and form rouleau structures further emphasizes the suc-
cessful formation of rHDL. Another study, which also
used apoA-I purified from human plasma, estimated
the size of their rHDL with two apoA-I proteins to be
~12 nm[*7 | illustrating that the size estimate might in
fact be accurate, and that there are some flexibility in
size even when restricted by two apoA-I proteins per
rHDL. However, more studies are needed to confirm
the exact size of the formulated rHDL.

4.2.6 Stability of the rHDL

The stability of the rHDL was evaluated by SEC, since
changes in the size distribution, e.g. by aggregation or
dissociation, would be detectable by SEC. The stability
was investigated both when storing the samples at 4 °C
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Figure 4.19: Investigation of the stability of the rHDLs
at 4 °C using SEC. The rHDLs contained different mix-
tures of POPC and DOTAP, and were formulated with a
lipid /protein ratio of 100. The solid lines represent the ana-
lysis taken immediately after preparation while the dashed
line represent the analysis taken one week later. The same
volume was loaded onto the Superdex-200 column for each

sample.

for one week, and when storing the sample at 37 °C for
8 hours, since the temperature might have a significant
effect on the stability.

The results from storing the samples at 4 °C are seen
in figure 4.19. rHDL with POPC:DOTAP in varying
ratios were used. The lipid/protein ratio was 100 for
all the samples. The solid and dashed line represent
the chromatograms immediately after preparation and
one week later, respectively. It is evident that the chro-
matograms are similar indicating that the rHDLs are
stable over one week at 4 °C. Furthermore, the peaks
actually seem to be more distant after storage at 4 °C,
which could be an indication of relaxation of unstable

conformation into more stable rHDL conformation.

The results from storing the samples at 37 °C for 8
hours are seen in figure 4.20. It is evident that the sto-
rage at 37 °C clearly seem to affect several of the rHDL
formulations by shifting the size distribution to larger
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sizes, possibly due to aggregation. However, the effect
seems to be minimal for the POPC rHDL while the
DMPC and the POPC:DOPG 90:10 rHDLs seem to be
stable over the 8 hours. The better packing of the sa-
turated DMPC might explain the stability of DMPC
rHDL while electrostatic interaction between the nega-
tive DOPG and apoA-I might explain the stability of
the POPC:DOPG 90:10 rHDL. The instability at 37 °C
of the rHDLs containing cationic lipids seems to be mo-
re pronounced as more cationic lipids are incorporated,
and there does not seem to be a significant difference
in the stability when comparing the rHDLs with either
EPC or DOTAP incorporated. It is also noted that the
amount of free apoA-I (attributed to peak around 14-
15 mL) increase as the other peaks shift to lower reten-
tion volumes. It might be that the higher temperatures
induces transformation to larger sized rHDL particles
which might have more apoA-I proteins per particle.
However, this transformation might also result in lea-
kage of incorporated contents of the rHDL, e.g. drugs or
fluorophore, thus obviously being unfavourable. During

the experiments of this project where the rHDLs were

incubated with blood at 37 °C, the incubation time
was one hour, and though it is likely that the effect is
less pronounced after only one hour, no stability mea-
surements were taken to investigate this, thus, it might
be that the observed instability already appear after
one hour. Hence, the possible transformation to large
sized rHDL particles have to be kept in mind when con-
ducting experiments where the rHDL are incubated at
37 °C.

4.2.7 The possibilities of rHDL

formulation

It is evident from the above discussion that rHDLs we-
re successfully formulated with several lipid composi-
tions. The DMPC rHDL yielded a clear monodisperse
distribution when using the optimal lipid /protein ratio,
while the POPC rHDL yielded a somewhat wider di-
stribution with a minor shoulder to the left of the major
peak. As previously discussed, this difference might be
attributed to the fact that the saturated DMPC poten-
tially packs better in the bilayer of the rHDL than the
unsaturated POPC. It is also evident from figure 4.20,
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Figure 4.20: Investigation of the stability of the rHDL at 37 °C. The solid and dashed lines are SEC chromatograms
obtained immediately after preparation and after 8 hours at 37 °C, respectively. A lipid/protein ratio of 100 was used for
DMPC rHDL, while all the other formulations used a lipid/protein ratio of 80. The chromatograms are normalized, and

only the retention volumes of interest are shown.
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that formulation of POPC:DOPG 90:10 rHDL yielded a
relatively monodisperse distribution without the shoul-
der to the left of the major peak. The negative charge
might interact with the positive part of apoA-I, and
these electrostatic interactions might favour the forma-
tion of stable rHDL. The charged lipids used in natural

671 hence, the

lipid bilayers are all negatively charged
endogenous HDL might also be stabilised by some ne-
gatively charged lipids. The incorporation of cationic
lipids apparently impairs the structure of the rHDL by
shifting the size distribution to larger sizes, however,
when only 10% cationic lipids or lower are incorpora-
ted the effect seems to be minimal, though it induces
some instability which becomes apparent after storage
at 37 °C. Although there are some limitations when in-
corporating cationic lipids, it is illustrated that several
types of lipids, fluorophore and drugs can be incorpora-
ted in the rHDL.

The rHDLs were in this project formulated by the de-
tergent depletion method. Bio-Beads were primarily
used to remove the used detergent cholate, however,
other methods are also available which might be mo-
re favourable for some applications. The Bio-Beads can
potentially interact with other substances in the samp-
le than the cholate with it has to remove. It was for
example observed by measuring the absorbance before
and after applying the Bio-Beads during formulation
of rHDL that the absorbance at 280 nm decreased ap-
proximately 20%. This is most likely because apoA-I
binds to the Bio-Beads. It was also found that when
using an increased amount of Bio-Beads during formu-
lation of rHDL, an even larger decrease in absorbance
at 280 nm was measured. The lipids might also bind,
however, this could not be assessed by measuring absor-
bance. If it is mainly apoA-I which binds to the beads,
it will clearly affect the lipid/protein ratio, and the ra-
tio might differ between the samples, if the amount of
used Bio-Beads vary. Furthermore, when incorporating
drugs into the rHDL, these might also bind to the Bio-
Beads. The drugs could potentially have an even hig-
her affinity towards the Bio-Beads, thus resulting in a
decreased amount of incorporated drugs. It was in this
project observed that the TMX-201 concentration did
not decrease significantly after incorporation with the
drugs (Martin Kisha Kraemer measured the concentra-
tion of TMX-201 in the samples by reverse phase HPLC

before and after treatment with Bio-Beads), however,

it obviously has to be kept in mind that the Bio-Beads
can interact with the substances in the sample. In so-
me cases it might be more favourable to use dialysis to
remove the cholate instead of Bio-Beads. The effect of
using dialysis instead of Bio-Beads was also investiga-
ted, and as seen from figure 4.21, rHDL could seemingly
be formulating successfully using dialysis as well. The
chromatograms seem slightly different, and it is evident
that the temperature used during dialysis also affect the
size distribution of rHDL. It seems most favourable to
conduct the dialysis at 4 °C, if a monodisperse distri-
bution is desired. The substances of the samples might
also bind to the dialysis membrane, however, it was
found to be less than when using the Bio-Beads. The
dialysis might also remove the cholate more effectively,
and if the rHDLs have to be used for biomedical ap-
plication the complete removal of cholate is important,
since the detergent can cause cell lysis, resulting toxi-

city to healthy cells.

It must also be noted that other methods than the de-
tergent depletion method can be used for formulation
of tHDL, e.g. they can be formulated by mixing the
apoA-I with liposomes or by mixing a lipid film with the
apoA-I solution !, It was found in this project that cho-
lesterol did not dissolve in the cholate solution, hence, if
cholesterol was to be incorporated in the rHDL, other
methods than the detergent depletion method might

have to used.
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Figure 4.21: Investigation of using dialysis or Bio-Beads
for removal of the detergent cholate during the formulation
of rtHDL. The dialysis was conducted at both 4 °C and room
temperature. The chromatograms are normalized, and only

the retention volumes of interest are shown.
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4.3 Monocyte targeting and adjuvant delivery

The association of rHDL with leukocytes were inve-
stigated in order to be able to design rHDL which
could target monocytes with the incorporated adjuvant
TMX-201, thus being able to activate the TLR7 in mo-
nocytes which potentially can initiate an immune re-

sponse that can fight the cancer cells.

The association of rHDL with leukocytes in WHB we-
re studied by flow cytometry, while the cytokine secre-
tion obtained when delivering TMX-201 with the rHDL
was studied by ELISA. It is indeed relevant to use both
methods since the flow cytometry only detects if the
rHDLs associate with the cells, e.g. rHDLs which only
adhere to the surface of the cells would be detected by
the flow cytometry. If the rHDLs are not able to deliver
TMX-201 to the endosomes, where the TLRY is located,
there would be no activation of the immune response,
and consequently on cytokine secretion. Note that se-
veral leukocytes can secrete cytokines, as previously di-
scussed, and it can be difficult to assess if the cytokines
are caused by activation of TLR7 in monocytes, howe-
ver, if both a high specific association of rHDL with
monocytes and a significant cytokine secretion are ob-
served, it would be an indication of an effective delivery
of TMX-201 to the monocytes.

4.3.1 rHDL association with leukocytes

The association of rHDL with monocytes, lymphocytes
and granulocytes, which are the main leukocytes in
WHB, were studied by flow cytometry. They can be
distinguished based on their morphology using FSC
and SSC as discussed in section 2.4. In order to di-
stinguish monocytes more accurately, they were stained
with a CD14 antibody, since one of the characteristi-
cs of monocytes is their expression of CD14[59! Hen-
ce, if cells were positive both for CD14 and atto488,
they were considered to be monocytes with associa-
ted tHDL. Lymphocytes and granulocytes were only
identified by their morphology gate. rHDLs formula-
ted with both a lipid/protein ratio of 80 and 200 were
used for the experiments. These results will be presen-
ted separately. Note that DMPC was formulated with a
lipid /protein ratio of 100, but will be compared and di-
scussed when considering the POPC based rHDL which
use a lipid/protein ratio of 80.

Using rHDLs with a lipid/protein ratio of 200

A size distribution of the rHDLs appears when using
a lipid/protein ratio of 200, hence, they can be used
to assess if there was any association with monocytes
for any of the different sized rHDL particles. Two do-
nors were used for the experiments. rHDLs with li-
pid composition consisting of POPC, POPC:TMX-201
95:5, POPC:DOTAP 90:10 and POPC:DOTAP:TMX-
201 85:10:5 were used for the experiments, all with 0.1
mol% DOPE-atto488 incorporated. The results from
the experiments are seen in figure 4.22. The used gat-

ing strategy can be seen in appendix B.

It clearly seems that the rHDLs have a tendency to
associate with the monocytes rather than to lympho-
cytes and granulocytes. It is interesting that the PO-
PC rHDLs also associate with monocytes, since Pia T.
Johansen et al.[%% did not observe any significant mo-
nocyte association when they used liposomes of similar
lipid composition. When comparing the results with the
results from the liposomes, it has to be noted that the
rHDL is overall negatively charged, even though it has
neutral lipid composition, due to the negative charge of
apoA-I. However, since neither neutral nor anionic lipo-
somes were found by Pia T. Johansen et al.[?! to asso-
ciate significantly with monocytes, it indicates that the
rHDL might be recognised by cellular receptors which

do not recognise liposomes.
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Figure 4.22: The association of rHDL with leuko-
cytes using rHDLs formulated with a lipid/protein ra-
tio of 200. The lipid composition of the rHDLs we-
re: POPC, POPC:TMX-201 95:5, POPC:DOTAP 90:10,
POPC:DOTAP:TMX-201 85:10:5. Furthermore, all rHDLs
were formulated with 0.1 mol% DOPE-atto488.
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The association of rHDL with monocytes is apparently
higher when using rHDL consisting of POPC:DOTAP
90:10 compared to rHDL without DOTAP. The avera-
ge amount of atto488 positive cells are approximately
95% for the POPC:DOTAP 90:10 rtHDL without TMX.
This result is comparable, and actually slightly higher,
than the result observed by Pia T. Johansen et al.l5l
when they used liposomes of similar composition. Hen-
ce, although the rHDL might still have a net negative
charge, there seem to be an additional association with
the monocytes which might be mediated by the same
pathway that are responsible for the uptake of cationic
liposomes. Incorporation of TMX-201 seems to decrease
the association rHDL with monocytes, which might be
because TMX-201 is negatively charged thus reducing
the net charge of the rHDL. If this is the case, it does
again indicate that the additional association with mo-
nocytes depend on the charge of the rHDLs, as it was
observed for liposomes. Hence, there might be a charge
dependent as well as a receptor mediated association
of the rHDL with the monocytes. The results of this
analysis are indeed promising since a seemingly prefer-
red association to the monocytes is observed, especially
when using DOTAP in the rHDL. However, cationic li-
pids such as DOTAP are often considered toxic, and
though the use of relatively low concentration of DO-
TAP in liposomes have shown not to cause any toxici-
ty 159! avoiding cationic lipids in the particles must be
favourable, since risk of potential accumulation of toxic

components in patients thereby is removed.

The rHDLs with a lipid/protein ratio of 200 are ap-
parently a mixture of different sized rHDL particles
and potentially some liposomes, as discussed in section
4.2.2. The POPC rHDL with a lipid /protein ratio of 200
seemingly yielded more liposomes than POPC:DOTAP
90:10 rHDL did, and since the POPC based liposomes
apparently do not associate with monocytes, the lower
association with monocytes observed for the POPC
rHDL might be attributed to the presence of liposomes.
Hence, further investigation were made on rHDL using
lipid/protein ratio of 80 (and 100 for DMPC rHDL),
since a more monodisperse distribution of these rHDLs
were obtained, thus allowing for more accurate conside-
ration of the effect from rHDL. Note that if no preferred
association of rHDL with monocytes was observed for
these tHDL, the effect observed in figure 4.22 must be
ascribed to the larger sized rHDL particles.

Using rHDLs with a lipid/protein ratio of 80

The results from the experiments which used rHDLs
with a lipid /protein ratio of 80 (and 100 for the DMPC
rHDL) are seen in figure 4.23, where WHB from one
donor was used. An important difference between these
results and the results presented in figure 4.22, is that
the concentration of DOPE-atto488 in the rHDL was
increased from 0.1 to 1 mol% of the lipids. Due to the
small size of rHDLs there might not be DOPE-atto488
in all the rHDLs when using 0.1 mol% DOPE-att0488,
thus several rHDL particles might have to be associated
with each leukocytes in order to yield a positive signal.
Therefore, the concentration was increased to 1 mol%
DOPE-atto488 such that each rHDL statically should
contain at least one fluorophore, i.e. the association of
a single rHDL would make the leukocyte positive for
atto488.

It is evident from figure 4.23 A that all the used formu-
lation of rHDL, i.e. POPC, POPC:DOTAP 90:10, PO-
PC:EPC 90:10, POPC:DOPG 90:10 and DMPC rHDLs
(all with 1 mol% DOPE-atto488 and corresponding
decrease in amount of POPC/DMPC), show high as-
sociation with monocytes. For each tHDL formulation,
almost all of the monocytes are associated with rHDL.
The use of higher concentration of DOPE-atto488 could
potentially have increased signal compared to the re-
sults from figure 4.22, where all monocytes might have
had associated rHDL but some of the rHDLs might
not have contained DOPE-atto488. The use of diffe-
rent lipid/protein ratios might also have affected the
results, e.g. if the smaller rHDLs are preferably taken
up in monocytes. It might mainly be the ~10 nm sized
rHDL which associated with monocytes when using a
lipid /protein ratio of 200, and since a rather larger fra-
ction of the rHDLs in the batch presumably was lar-
ger sized rHDL particles or potentially liposomes, this
might have reduced the effect compared to the relati-
ve monodisperse rHDL formulated with a lipid /protein
ratio of 80, which all yielded high association with mo-
nocytes. It must be noted that the detection of rHDL
is based on the fluorescence from atto488, hence, if
DOPE-atto488 leaks out of the rHDL when incubated
with WHB, and the free DOPE-att0488 associates with
the cells, it would yield a positive signal which could be
misinterpreted as if rHDL was associated with the cell.
However, since the DOPE-att0488 seems to be succes-

sfully incorporated into the rHDL, refer section 4.2.4,
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it is likely that the leakage would be minimal during the
one hour of incubation with WHB, though this cannot

be assessed explicitly based on the current results.

It is also evident from figure 4.23 A that there do seem
to be some of the rHDL associating with granulocytes
and lymphocytes, i.e. though there is a high associa-
tion with monocytes, the association with other leuko-
cytes decreases the specificity towards monocytes. The
DMPC rHDL seemingly also associate with granulo-
cytes to a relatively high extent. However, it is im-
portant to note that results presented in figure 4.23 A
and 4.22 represent how many of the cells that are po-
sitive for atto488, hence, it does not give information
about how many rHDLs that are associated with each
cell. An indication of the relative amount of rHDLs as-
sociated with each cell can be obtained by considering
the mean fluorescence intensity (MFI). The measured
MFIs (normalized with the MFI of an untreated samp-
le) are presented in figure 4.23 B. It is seen that the-
re are differences between the different rHDL formula-
tion when considering the MFI. Furthermore, the MFI
for the lymphocytes and the granulocytes are relatively
low, indicating that only a minimal amount of rHDLs
are associated with each of these cells. Incorporation of
cationic lipids, seem to increase the MFI from the mo-
nocytes compared with the MFI obtained when using
POPC rHDL, and incorporation of DOTAP seems to
cause a higher increase in MFI than EPC. Using POPC
and POPC:DOPG 90:10 rHDL yield comparable MFI
from the monocytes. The MFI for the DMPC clearly
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stays out. It is evident that though the percentage of
granulocytes associated with DMPC rHDL is relatively
high, a much higher amount of DMPC rHDL associa-
te with each of the monocytes than with each of the

granulocytes.

As previously discussed, there could potentially be se-
veral mechanisms involved in the association, and po-
tential uptake, of rHDLs with the monocytes. There
might be a receptor mediated uptake as well as a char-
ge dependent uptake, i.e. additional rHDLs with slight-
ly cationic lipid composition might be taken up due to
the charge. There could also be other explanations for
additional association with the rHDL with cationic li-
pid composition. For example, it was observed that the
incorporation of cationic lipids induces instability at
37 °C, refer section 4.2.6, hence, the instability might
have caused structural changes in the rHDL after on-
ly one hour, thus resulting in leakage of the DOPE-
atto488, and the free DOPE-atto488 could have been
taken up by the monocytes thereby resulting in a higher

signal.

The fact that high amount of DMPC rHDLs associate
with the monocytes is indeed interesting. The DMPC
seems to pack better into the rHDL than POPC, and
the resulting DMPC rHDL seems to be more stable
than POPC rHDL. Hence, they could potentially be
more susceptible to be recognised by cellular recep-

671 and

tors. Nature primarily uses unsaturated lipids
it might also be an uptake from the monocytes initiated

by the recognition of a foreign HDL. However, neither
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Figure 4.23: The association of rHDL with leukocytes. The used rHDLs had following lipid compositions: POPC:atto488
99:1, POPC:DOTAP:atto488 89:10:1, POPC:EPC:att0488 89:10:1, POPC:DOPG:att0488 89:10:1 and DMPC:atto488 99:1.
(A): The amount of either granuocytes, lymphocytes and monocytes associated with rHDL. Almost 100 % of the monocytes
(gated CD14 positive) have apparently associated rHDL (B): The measured MFIs (normalized with the MFI of an untreated
sample) which show some difference between the different rHDL formulations, and indicate that more rHDLs accumulate in
each of the monocytes compared to each of the granulocytes and lymphocytes.
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the isolated DMPC nor apoA-I should cause a signifi-
cant immune response, and it seems more likely that it
is a receptor mediated process which take up DMPC,
probably because it is less dynamic than the POPC
based formulations. Note that none of the formulations
can be compared directly with endogenous HDL, sin-
ce the lipid composition of endogenous HDL probably
will consist of several types of phospholipids as well as

cholesterol.

Another important consideration is the fact that only
one donor was used for these experiments. There can
be a relatively large variation between the donors, and
obviously more experiments with additional donors are

required to confirm the observed effects explicitly.

The presence of SR-B1 on leukocytes

There are various receptors on the monocytes which
could be responsible for the seemingly preferable associ-
ation of rHDL with the monocytes. As efflux of choleste-
rol from endogenous HDL is mediated by the SR-B1, it
could be interesting to study if this receptor is present
on monocytes and not on granulocytes or lymphocytes.
Experiments were conducted using a SR-B1 Antibody
from Novus Biologicals (England) when analysis WHB
by flow cytometry (the measurements were conducted
by Ditte Villum Madsen). The results can be seen in
figure 4.24. The SR-B1 receptor does indeed seem to
be present on most of the monocytes while only relati-
vely low amount of lymphocytes and granulocytes seem
to express the SR-B1. Furthermore, the measured MFIs
indicate that each monocytes express more SR-B1 than
lymphocytes and granulocytes. Since it is known that
the SR-B1 recognises HDL, this could explain the ob-
served preferred association with monocytes. Note that
the SR-B1 receptor might not necessarily mediate an
uptake into the endosomes!'! thus a SR-B1 mediated
uptake might not be favourable if the delivered cargo
is the TLRY7 agonist, since it requires endocytic uptake

to be effective.

The presence of SR-B1 on monocytes does not neces-
sarily guarantee that the observed preferred monocyte
association is SR-B1 mediated. Thus, in order to more
effectively study if the preferred association depended
on the SR-B1 receptor, the antibody specific for the SR-
B1 was used to block the receptor during experiments

with the rHDL. However, this yielded inconclusive re-
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Figure 4.24: Estimation of the presence of SR-B1 on gra-
nulocytes, lymphocytes and monocytes using an antibody
specific for the SR-B1 during flow cytometry analysis of
WHB. The top figure shows percentage of cells associated
with the SR-B1 antibody, and the bottom figure shows the
MFT which indicates the relative amount of SR-B1 on each
cell. The measurements were conducted by Ditte Villum

Madsen, and the figures are printed with her permission.

sults, since some of the formulation had higher associa-
tion with the cells when blocking the SR-B1 while other
formulation did not, and an isotype control yielded si-
milar effects as when using the SR-B1 antibody. The
data are consequently not shown. These inconclusive
results might be because the SR-B1 antibody was not
purified, and other substances in the samples might ha-
ve interfered with the leukocytes. Hence, further studies
are needed in order to assess if the association actually
is SR-B1 mediated.

Estimation of the amount of associated rHDL

The MFI gives an indication of the relative amount of

rHDLs in each cell, however, other methods have to
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be used to estimate the total amount of rHDL associa-
ted with the cells. One way that this could be achieved
is by SEC analysis of the supernatant obtained after
incubating the rHDLs with WHB for one hour, sin-
ce the non-associated rHDLs would be present herein.
The absorbance could be followed during SEC analysis
at 500 nm, and since the serum should not absorb sig-
nificantly at 500 nm, it should be possible to detect the
atto488, which is incorporated in the rHDL. The chro-
matograms from SEC analysis of the supernatant from
both an untreated sample and a sample treated with
DMPC rHDL are seen in figure 4.25. The pure DMPC
rHDL was also characterized by SEC prior to the in-
cubation with WHB. For a valid comparison between
the chromatograms of pure rHDL and the supernatant
from the experiments, the absorbance values were ad-
justed taking the dilution of the supernatant and diffe-
rent volume loaded onto the Superdex-200 column into
account. The amount of rHDL was estimated by the
integral of chromatograms between retention volumes
of 10 mL and 13.3 mL. The integral from the untrea-
ted sample was subtracted from the integral from the
sample treated with rHDL, and compared with the in-
tegral from the chromatogram of the pure rHDL. Using
this approach it was estimated that approximately 70%
of the applied DMPC rHDLs were associated with the
cells. Similar results were obtained for the other rHDL
formulations where 60-72% of the rHDLs seemingly we-
re associated with the cells. The amount of associated
rHDLs might be increased further by using a lower incu-
bation time with WHB. Also, it is noted that the majo-
rity of the DOPE-atto488 still seems to be incorporated
in the rHDL, as it probably would be detectable at ot-
her retention volumes if DOPE-atto488 had leaked out.
Thus, it is indicated that a relatively large fraction of
the rHDLs is associated with the cells, which are indeed

promising for the immunotherapeutic applications.

4.3.2 Study of cytokine secretion

In order to investigate if rHDLs loaded with the TLR7
agonist, TMX-201, could initiate an immune repsonse,
they were incubated in WHB for one hour, and the re-
sulting cytokine secretion was studied by ELISA. The
cytokines IL-6, IL-10, IL-12p70 and IFN-« were investi-
gated. As previously discussed, these cytokines can be
secreted from various leukocytes, hence, even though a

preferred association with monocytes were observed,

= = =Supernatant (Untreated)
Supernatant (Treated with DMPC rHDL)
—— DMPC rHDL
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Figure 4.25: Estimation of amount of DMPC rHDL as-
sociated with the cells using SEC analysis of the superna-
tant removed after incubating the rHDLs with WHB. The
chromatograms are adjusted based on dilution and different

amount loaded to the SEC column. It was estimated that
~T70% of the DMPC rHDLs were associated with the cells.

the cytokines might also be secreted by the other
leukocytes to which the rHDLs also associated to a
minor extent. The measurement of secreted cytoki-
nes can, however, still be used to assess if an im-
mune response actually is initiated. The result can
be seen in figure 4.26. The lipid composition of the
used rHDLs are noted in the figure caption. The
rHDL formulations are similar to the formulations used
when the HDL association with leukocytes was con-
sidered, refer figure 4.23, with the exception that 5
mol% TMX-201 and no DOPE-atto488 are incorpora-
ted. Experiments were also conducted with rHDLs wit-
hout TMX-201 (using POPC and POPC:DOTAP 90:10
rHDL with lipid/protein ratio of 200), which confirmed
that no cytokines were secreted when formulated wit-
hout TMX-201 (data not shown).

It is evident that only low amount of IL-12p70 is secre-
ted. The measured values are lower than the minimal
value of the used standard curve, and cannot be con-
sidered valid as it might merely be uncertainties asso-
ciated with the measurements. It is also evident from
the results that the free TMX-201 cause much cytoki-
ne secretion for especially IL-6 and IL-10. In contrast,
when Pia T. Johansen et al.!?°! who studied monocyte

targeting liposomes, conducted similar measurements
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of cytokine secretion, they observed only minimal amo-
unt of IL-6 secretion when using free TMX-202, refer
figure 1.10. It is unlikely that this difference is caused
by the difference between TMX-201 and TMX-202 as
it is only the length of the hydrophobic tail that dif-
fers, however, they might have used other experimental
parameters which have limited the amount of cytoki-
ne secreted when using free TMX-202. As previously
mentioned free TLR agonists can cause an undesirable
cytokine storm, hence, though the observed effect dif-
fers from what was observed by Pia T. Johansen et
al.[%0 it does seem likely that free TMX-201 cause so-
me cytokine secretion, and the results are believed to

be reliable.

Except for IFN-«, all rtHDL formulations cause secre-
tion of less cytokines than the free TMX-201. Hence, it
cannot be excluded that a minor fraction of the TMX-
201 which has not been incorporated into the rHDLs
or has leaked out, have yielded some of the observed
effects. However, the fact that equivalent, or slightly
higher, amount of IFN-« is secreted when using most
of the rHDL formulations indicate that the rHDLs do
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deliver the TMX-201 to the cells. The cytokine secre-
tion might be preserved over longer time period when
using the rHDL, or the effect might be more pronounced
if a longer incubation were used, hence, the seemingly
minor amount of cytokine secreted does not necessarily
mean that the delivery of TMX-201 is ineffective. It has
to be taken into account that too much cytokines can
be secreted, especially of the IL-6 and IL-10 which are
unfavourable for an anticancer immune response. The
R848 is a water soluble TLR7 agonist, and it seems
to cause a more favourable cytokine secretion becau-
se a relatively high amount of IFN-« is secreted, and
the amount of IL-6 and IL-10 are lower than for free
TMX-201. Although, lower amount IFN-« is secreted
when using the rHDLs compared to R848, the secreted
amount of I1-6 is only slightly lower when using rHDL
formulations of POPC:DOTAP, POPC:EPC and PO-
PC:DOPG compared to R848. All rHDL formulations

secrete only a minor amount of IL-10.

It is interesting that almost no cytokines are secreted
when delivering TMX-201 with DMPC rHDL, especi-
ally as relatively high amount of these DMPC rHDLs
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Figure 4.26: Study of cytokine secretion by ELISA caused by delivering TMX-201 with rHDLs. The lipid compositions of
the used rHDLs were as follows: POPC:TMX-201 95:5, POPC:DOTAP:TMX-201 85:10:5, POPC:EPC:TMX-201 85:10:5,
POPC:DOPG:TMX-201 85:10:5, DMPC:TMX-201 95:5. The concentration of TMX-201 was approximately 10 uM after
mixing the rHDL with WHB. The data are based on results from two donors.
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were found to associate with monocytes, and some
of them also associated with granulocytes, refer figu-
re 4.23. There could be several explanations for this.
The observed high association of DMPC rHDL with
monocytes might for example not be the same when
using another donor. Also, the DMPC rHDL was shown
to be more stable than POPC based rHDL formula-
tions, and it might be that the TMX-201 in the DMPC
rHDL cannot interact with the TLR7 after being ta-
ken up in the endosomes due to a too tight packing
into the DMPC bilayer. Another explanation could be
that DMPC rHDL interact with receptors, e.g. SR-B1,
which can facilitate a non-endocytic uptake, thereby
circumventing the endosomes where the TLR7 is loca-
ted. However, Rui Kuai et al.[%%! did use DMPC based
rHDL with a TLR9 agonist and observed an immuno-
therapic effect when using the TLR9 agonist, illustrat-
ing delivery of their formulated rHDLs to the endoso-
mes where the TLRY9 is located. Despite this result, the
DMPC rHDL of this project could still be taken up dif-
ferently, since Rui Kuai et al.[%®! formulated the DMPC
rHDL differently, e.g. they used apoA-I mimicking pep-

tides instead of apoA-I purified from human plasma.

It has previously been discussed that IFN-a and IL-
12p70 are favourable for an anticancer immune respon-
se while secretion of IL-6 and IL-10 is unfavourable.
Hence, considering the ratio between IFN-a and the
sum of IL-6 and IL-10, the applicability of the formu-
lation for cancer immunotherapy is better illustrated,
see figure 4.27. Note that IL-12p70 is not including in
the calculations, as these results are considered unre-
liable. The results from the POPC and DMPC rHDL
are rather arbitrary seeing as only minimal amount of
cytokines are secreted when using these formulations,
and minor fluctuations would affect the ratio signifi-
cantly. The other rHDL formulations do yield a ratio
which is higher than the ratio obtained from using free
TMX-201 which again indicates that the rHDLs have
interacted with the cells to deliver TMX-201, since le-
akage of TMX-201 most likely would have resulted in
an effect comparable with the effect observed for free
TMX-201. The POPC:DOPG 90:10 rHDL yields the
highest ratio of the rHDLs formulations due to the hig-

hest secretion of IFN-q.
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Figure 4.27: The ratio between IFN-a and the sum of
IL-6 and IL-10 for each sample. The IFN-« is favourable for
an anti-cancer immune response, while the IL-6 and IL-10
are unfavourable, hence, higher ratios indicate a better anti-
cancer immune response. The data are based on results from

two donors.

The observed results indicate that the rHDLs interact
with the leukocytes and deliver TMX-201 which cause
cytokine secretion, however, it cannot be assessed how
much of the applied TMX-201 is delivered effectively.
Furthermore, based on these results, it cannot be eva-
luated if the cytokines are secreted by monocytes or
other cells, e.g. since pDCs secrete much IFN-« it is li-
kely that the secreted IFN-« is from pDCs. Comparing
the results with the results from Pia T. Johansen et
al. 1% presented in figure 1.10, it is seen that the amo-
unt of secreted IL-6 caused by using rHDL is in the
same range as the amount that they measured when
using liposomes with 10 uM TMX-202. They also mea-
sured a relatively high amount of I11.-12p40. Although
IL-12p40 is a subunit of IL-12p70, they might not be
directly correlated since more IL-12p40 could be secre-
ted prior to the assembly into the IL-12p70, thus these
data cannot be compared. It would have been intere-
sting to study the secretion of IL-12p40 as well as ot-
her cytokines caused by delivering the TMX-201 with
the rHDLs to more explicitly confirm that an immune
response actually was initiated. In order to investiga-
te if the cytokine secretion was initiated by monocyte
activation, cytokines such as IL.-1 and IL-15 which are
secreted from monocytes!*¥ could be investigated. No-
te that these cytokines also can be secreted from other
types of cell, but if high amounts are measured, it would

give a clear indication of monocyte activation.
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4.4 Antigen delivery to dendritic cells

For an effective immune response against the cancer
cells, the delivery of adjuvant, as described in the pre-
vious section, might not be sufficient, since it only
boosts the immune response, and more specifically di-
recting the immune response to eliminate the cancer
cells might be required. This can be achieved by deli-
vering tumour antigen to DCs, which in turn can pre-
sent the antigens to cytotoxic T-cells. There are seve-
ral types of DCs, and the focus will in the following
be ¢DCls, ¢cDC2s and mDCs. It was investigated if
antigen could be taken up by the DCs and presented
through the MHC-I. The peptide SIINFEKL was used
as the model antigen, and in order to detect when SI-
INFEKL was presented as desired, an antibody speci-
fic for the SIINFEKL:MHC-I complex was used. The
SIINFKEL peptide was cholesterol-anchored in order
to make incorporation into the rHDL feasible. The
cholesterol-anchor needs to be removed for SIINFEKL
to be presented through the MHC-I. The cholesterol is
linked to SIINFEKL by a disulfide bridge which can
be reduced in the reductive environment of the cyto-
sol. Hence, if taken up in the endosomes, it needs to
be cross-presented to make presentation by MHC-I po-
ssible. Furthermore, free cholesterol-anchored SIINFE-
KL which are neither taken up by the DCs nor cross-
presented and processed (if taken up by endocytosis),
cannot yield an observable signal, since it is only the
SIINFEKL:MHC-I complex which is detectable.

The rHDLs loaded with cholesterol-anchored SIIN-
FEKL were mixed with isolated DCs, and the cells
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were subsequently analysed by flow cytometry for
attod88 and the SIINFEKL:MHC-I complex. PO-
PC:DOTAP:SIINFEKL:atto488 84.5:9.5:5:1 rHDL for-
mulated with a lipid/protein ratio of 75 were used for
the experiments. The results can be seen in figure 4.28.
It is evident from figure 4.28 A that all the DCs seem to
have some associated rHDLs, however, the mDC appa-
rently take up more rHDLs relative to the other types
of DCs. Note that since DOPE-atto488 is incorporated
in the rHDL, the measurement of atto488 indicates the
presence of rHDL. Furthermore, rHDLs which only ad-
here to the cell surface would also yield a positive signal,
hence, these measurements do not directly correlate
with uptake of rHDL. All the DCs seem to express the
SIINFEKL:MHC-I complex with approximately equal
intensity, as seen from figure 4.28 B. Hence, when consi-
dering the ratio between MFT of the SIINFEKL:MHC-I
complex and atto488, see figure 4.28 C, the cDC1s yield
a much higher ratio than for the other types of DCs.
This indicates that though ¢cDC1s do not take up much
of the rHDLs, they are very effective at presenting the
SIINFEKL that they do take up. The different types
of DCs have different properties, and it is illustrated
from these results that ¢cDCls seem better at presen-
ting antigens through the MHC-I though it is not as
effective at engulfing foreign material. If the rHDLs are
taken up in endosomes, it could be because the cDCls
are better at cross-presenting the cholesterol-anchored
SIINFEKL. It could also be that the cDC1s do not take

up the rHDLs in the endosomes but another mechanism
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Figure 4.28: Delivery of SIINFEKL to DCs by rHDLs. The rHDLs were formulated with lipid composition of
POPC:DOTAP:SIINFEKL:att0488 84.5:9.5:5:1, and a lipid/protein ratio of 75. The cholesterol-anchored SIINFEKL needs
to be processed by the cells before it can be presented on the MHC-I. (A): The MFI from atto488 in each type of DC. The
measured atto488 indicate uptake of rHDL. (B): The SIINFEKL:MHC-I complex was detected using a specific antibody.
(C): The ratio between MFI from the antibody detecting the SIINFEKL:MHC-I complex and atto488, which indicate the
cDCls are better at presenting the SIINFEKL which they have taken up, compared to the other types of DCs.
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is involved such that the cargo of the rHDL is delive-
red to the cytosol, which could lead to a more effective
presentation of SIINFEKL through the MHC-I.

One of the purposes of delivering the TLR7 agonist
to monocytes was, besides causing cytokine secretion,
to initiate differentiation of the monocytes into mDCs,
which then should be capable of presenting antigen to
T-cells. These results indicate the mDCs are less effecti-
ve at presenting the antigen compared to other types
of DCs, however, the mDCs seem to take up relative-
ly many rHDLs, thus when targeting TLR receptors
located in the endosomes, the high uptake is clearly
favourable, if it is endocytic. It is likely that the mono-
cytes and mDCs have various similar properties which
might explain the high potential uptake of rHDLs in

both monocytes and mDCs. In order to optimize the

antigen presenting, it might be more effective to design
systems which targeted the cDC1 specifically. However,
the presentation of SIINFEKL might be limited to the
amount of MHC-I present on the cells, and all MHC-
I might be saturated with SIINFEKL. In this case it
would not increase the presentation of antigen, if more
rHDLs were taken up by the cDCls. Note that certain
cytokines can increase the amount of MHC-I on the

cells44]

, hence, delivering adjuvants might induce the
secretion of these cytokines and increase the antigen

presentation.

More experiments are obviously needed to evaluate the
observed effect more thoroughly. It is, however, evident
that the rHDLs seem capable in delivering antigen to
DCs such that the antigen can be processed and pre-
sented by the MHC-I.

4.5 The application of rHDL for cancer immunotherapy

The application of rHDL to immunotherapy is motiva-
ted by their biocompatibility, biodegradability as well
as their high tolerance and long circulation time in hu-
mans. The small size of the rtHDL is also an attractive
property, especially seeing as other nanoparticles com-
monly used for DDSs, e.g. liposomes, are limited to
larger sizes. This project has shown that rHDL can be
designed to effectively associate with monocytes, which
can be utilized for adjuvant delivery. Furthermore, the
rHDLs have also proven capable in delivering antigen
to DCs. This obviously illustrates the applicability of
rHDL for cancer vaccine. The rHDLs might also be uti-
lized merely as adjuvant therapy to boost the immune

response during for example radio- or chemotherapy.

It is interesting that the endogenous HDLs have anti-
inflammatory properties such as down-regulation of the
proinflammatory properties of certain leukocytes by
modification of the cell membrane structure. However,
it might in fact be these properties which are respon-
sible for the association of rHDL with the monocytes
and DCs and allows for the delivery of immunothera-
peutic drugs, which can initiate a proinflammatory im-
mune response. The rHDLs might still cause some anti-
inflammatory effects during the association with leuko-
cytes, however, this effect would probably be minimal
compared to the proinflammatory response from the de-

livered cargo. It must also be noted that the properties

of the endogenous HDL and rHDL might differ due to
structural differences, e.g. the rHDL might be so tightly
packed that the cholesterol influx to the rHDL is mini-
mized, and consequently only minor modification of the

cell membrane structure can occur.

Another important consideration when using rHDL for
biomedical applications is the possible transformation
into spherical HDL. Endogenous HDL transforms from
discoidal to spherical when cholesterol is esterified by
LCAT and internalized into the core of the HDL.This
could happen for the rHDL as well, however, when the
rHDL is not formulated with cholesterol, an influx of
cholesterol to the rHDL is required before a possible
transformation can occur. The tight packing of the li-
pids in the rHDL might minimize the influx of choleste-
rol, however, it cannot be ruled out that some choleste-
rol will accumulate in the rHDL over time, and can be
internalized into the rHDL after being converted into
cholesteryl ester by the LCAT. The possible transfor-
mation into spherical can lead to leakage of drugs, as it
has been shown in other studies[®!, thereby, illustrat-
ing the importance of understanding the biological fate
of the rHDL when applying them for biomedical appli-

cations.

Although the rHDLs were found to associate preferably
with monocytes in WHB, some of the rHDLs also as-
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sociated with granulocytes and lymphocytes. Further-
more, DCs could take up the rHDLs, and especially
the mDCs seemed to take up much of the rHDL. As
the mDCs are derived from monocytes it might be the
similar mechanisms that is responsible for the uptake in
both cell types. Even though the POPC:DOTAP 90:10
rHDL was the only formulation investigated for the DC
uptake, it is likely that similar effects would be seen for
other rHDL formulations. Hence, when applying the
rHDLs for immunotherapeutic applications, one must
consider the fact that the rHDLs are taken up in se-
veral leukocytes, and will probably accumulate in both
monocytes and DCs depending on the administration
route. This means that the used immunotherapeutic
drugs have to be designed not to cause undesirable ef-
fect when taken up by other leukocytes than the target

cells.

It could be interesting to study the mechanism respon-
sible for the preferred association with monocytes. As
previously discussed, it could be a SR-B1 mechanism
as monocytes seemingly express more SR-B1 than gra-
nulocytes and lymphocytes, however, more studies are
needed to confirm that this receptor is involved. If it is
found that the mechanism indeed is SR-B1 mediated,
the rHDL would not necessarily be taken up in the en-
dosomes as this receptor can also mediate a delivery of
cargo to the cytosol. Uptake of the cargo to the cytosol
would hinder an effect when using the TLR7 agonist,
since TLRY is located in the endosomes. However, a di-
rect delivery to the cytosol could be of great potential
for antigen delivery to DCs. The antigens need to be
presented by the MHC-I for presentation to cytotoxic
T-cells, and since the MHC-I is only accessible through
the cytosol, it is likely that it would be more effective
to deliver antigens directly to the cytosol than to the
endosomes, where subsequent cross-presentation of the
antigen is required. Thus, the rHDL could prove to be
very useful for antigen delivery to DCs. However, the
fact that cytokine secretion is observed during the expe-
riments of this project indicate that some of the rHDLs
are taken up in the endosomes of certain cells. Rui Kuai
et al. %] co-delivered antigen and a TLR9 agonist with
rHDLs to DCs, and since TLR9 is located in the endo-
somes, these rHDLs had to be taken up in the endomses
for an effect of the adjuvant. Hence, it seems that the
rHDLs can be taken up by DCs by endocytosis though
this do not exclude the possibility for a direct delivery

to the cytosol. If the DCs express the SR-B1 as the mo-
nocytes, which is likely that mDCs do, the rHDL might
be designed to utilize the SR-B1 for direct delivery to
the cytosol. It might also be effective to deliver the an-
tigen to the cytosol of the monocytes, and subsequently
deliver adjuvants which can cause them to differentia-
te into DCs, which then can express the pre-delivered
antigen. Further studies are needed to evaluate the me-
chanism involved in the interaction between rHDL and
the leukocytes, and as evident from the above discus-
sion, a deeper insight into the mechanism would aid
the development an optimized design of the rHDL for

immunotherapeutic applications.

It was found in this project that it was possible to de-
sign rHDLs which associated with monocytes to similar
extent, as it had been observed for liposomes by Pia T.
Johansen et al.[%l. Furthermore, the fact that a pre-
ferred association with monocytes was observed even
when using rHDLs with a neutral lipid composition is
of great interest, since the use of potentially toxic ca-
tionic lipids are avoided. A slightly cationic charge was
observed by Pia T. Johansen et al.®"! to be required for
the liposomes to obtain a similar monocyte association,

illustrating the advantage of using rHDL.

Although the rHDL has several advantages for immu-
notherapeutic applications compared to other common-
ly used nanoparticles, they lack the possibility to de-
liver the immunotherapeutic drugs in a continuously
manner 19, A controlled release is one of the advanta-
ges of polymeric nanoparticles, and one could imagine
that an effective cancer immunotherapeutic treatment
would require continuous supply of either adjuvants or
antigens to ensure a sustained anticancer immune re-
sponse until tumour elimination. It has been reported in
literature that rHDL can be designed with a polymeric
core from which a sustained release can be obtained 9],
illustrating even more possibilities for modification of
the rHDLs. Thus, the design of the rHDL is not limited
to simple variations in the lipid composition, and the
promising results of this project could potentially be
optimized further by other modification of the rHDLs.

As it is the case for several of the immunotherapeutic
cancer therapies, the rHDL based cancer immunothera-
py investigated in this project, might work even better
in combination with other cancer treatments such as

radio- or chemotherapy. rHDLs also have the potenti-
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al to deliver chemotherapeutic drugs to the tumours,
hence, a cocktail of rHDLs with either chemotherape-
utic and immune stimulating drugs designed to reach
the tumour or monocytes/DCs, respectively, has the

potential to be an effective cancer treatment.

In order to confirm the observed effects of this project
explicitly, the studies needs to be supported by more
experiments. These additional experiments should also
include other types of nanoparticles, e.g. liposomes, for
a valid comparison between the commonly used nano-
particles and the rHDLs. However, the results of the
project do indeed indicate that the rHDLs are promi-
sing candidates for carrier in a potent cancer immuno-
therapeutic DDS.
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5. Conclusion

ApoA-I was purified from human plasma to ensure the
necessary supply required for the formulation of rHDL.
The purification method was optimized over several
purification experiments, and the optimized method yi-
elded a relatively high yield and high purity, i.e. 12 mg
apoA-I (>99%) was obtained from 50 mL plasma.

The purified apoA-I was used to formulate discoi-
dal rHDLs by the detergent depletion method using
Bio-Beads to remove the detergent cholate. The li-
pid/protein ratio prove to be an important parameter,
since it could affect the size distribution of the rHDLs,
i.e. there seems to be an optimal ratio for a monodisper-
se distribution, which depends on the used lipid. Larger
sized tHDL particles could seemingly be obtained by in-
creasing the lipid /protein ratio above the optimal ratio,
however, formation of smaller rHDLs seemed more fa-
vourable. The size of the smaller rHDLs was estimated
by SEC and TEM to be between 10 - 12 nm, however,
this estimate was associated with some uncertainty, and
as the size of the endogenous discoidal HDL is 9.6 nm,
it is likely that the rHDLs actually had similar size.

Incorporation of cationic lipids (DOTAP and EPC) in
POPC based rHDLs was found to affect the size distri-
bution of the rHDLs by shifting it to larger sizes, and
induced instability at 37 °C, though they seemed stable
at 4 °C for one week. POPC based rHDL with a slight-
ly anionic lipid composition (POPC:DOPG 90:10) and
DMPC rHDL did, in contrast, yield a monodisperse di-
stribution of rHDLs which were stable at 37 °C for at
least 8 hours.

Flow cytometry was used to assess the association of
rHDLs to leukocytes in WHB, distinguishing between
granulocytes, lymphocytes and monocytes. All the used
rHDL formulations associated preferably with mono-
cytes. Even rHDL with neutral lipid composition asso-
ciated with monocytes, which is remarkable since lipo-
somes require potential toxic cationic lipids for asso-
ciation with monocytes. The lipid composition of the
rHDL also affected the extent of monocyte association,

since incorporation of 10% cationic lipids (DOTAP and

EPC) in POPC based rHDLs seemingly increased the
amount of rHDLSs associating with the monocytes com-
pared to rHDL which only consisted of POPC, while
incorporation of 10% anionic lipids (DOPG) did not af-
fect the observed association. Hence, there might be a
receptor mediated uptake as well as a charge depended
uptake of the rHDL. Interestingly, DMPC rHDLs were
found to associate with monocytes to a higher extent
than observed for the POPC based rHDLs, however,
some of the DMPC rHDLs also accumulated in the gra-
nulocytes. The SR-B1 receptor, which is known to in-
teract with endogenous HDL, might be involved in the
preferred association with monocytes, as it was found
that monocytes express more SR-B1 than granulocytes
or lymphocytes. However, further studies are needed to
investigate if SR-B1 actually is involved in the observed

association of rHDL with monocytes.

The rHDLs were used to deliver TMX-201 (a TLR7
agonist). After incubation of these rHDLs in WHB,
secretion of certain cytokines were measured, indicat-
ing they that were able to initiate an immune response.
Although, it could not be assessed if these cytokines we-
re secreted from the monocytes, and less cytokines we-
re secreted than when using free TMX-201, the results
did indicate that a better anti-cancer immune respon-
se was obtained when delivering TMX-201 with rHDL
compared to the free TMX-201. Interestingly, almost
none cytokines were secreted when using DMPC rHDL
as the carrier, hence, it might be that the TMX-201
are packed too tightly in the DMPC rHDL such that it
cannot interact with the TLR7, or the TMX-201 from
DMPC rHDL might be delivered directly to the cytosol,
thus circumventing the endosomes where TLR7 is loca-
ted. Again, further studies are needed, e.g. with more
cytokines, to make explicit conclusions concerning the-

se effects.

The adjuvants can be used to boost the immune re-
sponse, however, tumour antigen is also required for
a specific immune response. It was found that rHDL
was capable of delivering antigen (SIINFEKL) to DCs,
such that it could be presented through the MHC-I to

o7



Dennis Pedersback

5. Conclusion

cytotoxic T-cells. Furthermore, a difference between the
different types of DCs were observed, since the rHDLs
were found to associate primarily with mDCs, but the
mDCs seemed less effective in presenting the antigen
on the MHC-I compared to ¢cDC1s which were highly
effective in presenting the minimal amount of antigen
that they had taken up.

Although more studies are needed to confirm several
of the effects observed in this project, the results are
indeed promising, and show that the rHDLs have great

potential as carrier in an immunotherapeutic DDS.
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6. Outlook

Several of the experiments of this project obviously
require replications to confirm the observed effects,
especially for the experiments where only one donor
is used. However, other approaches for the experiments
could also be used which will be discussed further in

the following.

Effect of incubation time

In several of the experiments of this project, the rHDLs
were only incubated with WHB at a fixed time peri-
od, e.g. one hour of the experiments consider adjuvant
delivery. The effect might be time-dependent, and it
could be interesting to study both the association of
rHDL with leukocytes and the resulting cytokine secre-
tion over a longer period of time and with more time
point measurements. Furthermore, the antigen presen-
tation might also depend on the time point where the
analysis is taken. The use of tHDL might result in a
prolonged effect compared with the free drug, even wit-
hout a sustained release from the rHDL, and it could

be interesting to study this in more detail.

in vivo experiments

It could be relevant to continue the experiments of the
project with in wvivo experiments. The association of
rHDL with leukocytes could be evaluated after incubat-
ing the rHDLs in mice models. Obviously, there are dif-
ferences between applying rHDLs to a sample of WHB
and incubate them in vivo, however, the experiments
could illustrate the effect of applying the rHDLs into

the bloodstream.

Mice models could also be used to evaluate the biodi-
stribution of the rHDLs. The endogenous HDL natu-
rally interact with the liver, hence, it could be intere-
sting to study if most of the rHDLs just accumulated
in the liver, or if the rHDLs could be designed to be ta-
ken up by leukocytes, before accumulation in the liver.
The rHDLs could potentially also accumulate elsewhe-
re, and the biodistribution are clearly important when

designing a potent DDS with minimal side-effects.

After optimizing of the rHDL for cancer immunothera-
py, it could also be relevant to study if the rHDLs were

able to eliminate tumours in mice models.

Further investigation of larger rHDL particles

It was found in the project that increasing the li-
pid/protein ratio of the rHDL led to a polydispersed
distribution of presumably different sized rHDLs. It did
not seem possible to obtain a monodisperse distribution
of larger rHDL particles immediately after preparation,
however, it might be possible to isolate the different
subpopulations of the rHDLs by collecting fractions af-
ter the Superdex-200 column. The presumably larger
sized rHDL particles could then be investigated to con-
firm that it in fact was well-defined structures and not
just aggregates. TEM could be used to assess the shape
and size of the rHDLs, while SEC could be used to stu-
dy the stability of the isolated rHDLs with varying size.
The larger rHDL particles might consist of more than
two apoA-I proteins per particle, and it could also be
interesting to investigate this. This might be achieved
by cross-linking the proteins while in the rHDL configu-
ration, and subsequently analysing them by SDS-page.

This approach has successfully been used elsewhere 37

The incorporation cationic lipids also seemed to shift
the distribution to larger sized rHDLs, and it could be
interesting to investigate if the cationic lipids preferably
accumulated in the larger rHDL particles. Incorpora-
tion of cationic lipids in rHDLs has also shown some

58] however, these difficul-

difficulties in other studies
ties might be resolved by using larger sized rHDLs. Note
that instability at 37 °C was observed for the rHDLs
with cationic lipids incorporated, however, the isola-
ted larger rHDL particles might be more stable, or hig-
her stability might be achieved by using DMPC based

rHDLs instead of POPC based rHDLs.

rHDL with other apolipoproteins

The apoA-I has been used for formulation of rHDLs in
this project, however, there are also other apolipoprote-

ins which could be used for the formulation of rHDLs!].
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An example is apoA-II, which is smaller than apoA-I,
i.e. it has a molecular weight of approximately 17.4 kDa
compared to 28 kDa of apoA-I. It was found using SDS-
page that during the purification of apoA-I, a protein
of approximately 17 kDa was discarded when using the
SP-column. It might be that this was the apoA-II, hen-
ce, it might be possible to collect and further purify this
protein, thus allowing for supply of apoA-II for formula-
tion of rHDLs. It could be interesting to study if rHDL
formulated with apoA-II had different properties than
rHDL formulated with apoA-I.

Another apolipoprotein which could to used to formu-
late tHDL is apoE. It is known that apoE can bind
the LDL receptor thus facilitating endocytosis of the
rHDL!. Hence, using apoE in the rHDL might be mo-
re favourable when aiming to activate TLRs located in

the endosomes of the cells.

Spherical rHDL

This project has primarily focused on discoidal rHDL
but spherical rHDL can also be formulated. The discoi-
dal rtHDL might transform into spherical rHDL when
applied to blood, which could lead to unfavourable le-
akage of incorporated drugs, hence, it might be more
favourable to use spherical rHDL. The spherical rHDL
could potentially also be modified with a polymeric co-
re from which the drug can be release substantially,
as observed in other studies!'®!. For immunotherapeu-
tic purposes this could be utilized to deliver adjuvant
or antigen substantially, such that immune response is

preserved until the tumour is eliminated.

Using other TLR agonists

Adjuvants have to be delivered along with antigens for
an effective cancer vaccine. The used adjuvant in this
project was a TLR7 agonist, however, it should also be
possible to use other adjuvants to activate other TLRs.
There are several types of TLRs, and while some of
them are located in the endosomes, there are also seve-
ral of them expressed on the cell surface!*8!. The casca-
de of reactions which happen when the TLRs are acti-
vated needs to be evaluated, since the targeted TLR
obviously need to initiate a immune response which is
effective against cancer cells, e.g. by initiating the secre-
tion of the cytokines IFN-a, IFN-v or IL-12.

rHDL for cytokine therapy

Cytokine therapy is another approach for cancer im-
munotherapy where cytokines are administrated to the
patient. As previously discussed, rHDLs have been
used to increase the circulation half-life of the cytokine
IL-15054. Tt might also be possible to incorporate other
cytokines in the rHDL in order to achieve a more ef-
fective cytokine therapy. The rHDLs could potentially
also alter the biodistribution of the cytokines such that
the cytokine accumulate at favourable sites, e.g. lymph

nodes or the tumour tissue.

PEGylated rHDL for tumour targeting

The rHDL can also be used to deliver chemotherape-
utics directly to the tumour. PEGylation of nanopar-
ticles are often used to increase their circulation time
in order to achieve a more effective accumulation in
the tumour by the EPR effect 1%, The circulation time
of rHDL in mice models has been shown to increase
many fold by PEGylation (™!, however, this effect has
seemingly not been utilized to optimize tumour targe-
ting. The PEGylation of rHDL could potentially shield
rHDL from interactions with receptors, e.g. the SR-B1,
due to steric hindrance effects, and thereby change the
biodistribution such that the uptake in the liver is limi-
ted and accumulation in the tumour is achieved. A va-
riety of cancer cells overexpress SR-B1[! and after the
PEGylated rHDLs have accumulated in the tumour,
orientation of the rHDL might at some point make in-
teractions with the SR-B1 receptor on the cancer cells
feasible thus enabling delivery of drugs from the rHDL
to the cancer cells. This approach is illustrated in fi-
gure 1. The PEGylated rHDLs might also be used to
deliver immunotherapeutic drugs, e.g. cytokines, to the

tumour tissue.

rHDL loaded with
cholesterol-tethered
anti-cancer drug

‘7no steric

Steric hindrance
for rHDL-SR-B1 binding

Figure 6.1: Illustration of the purposed effect when using
PEGylated rHDL for tumour targeting.
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Appendix A

Supporting Information

Calibration of the SDS-page

The SDS-page can give information about the mass of
a protein as well as the purify of a protein in solution.
Furthermore, it can seemingly also be used to estimate
the concentration of a protein in a sample. This can
be achieved by considering the intensity of the protein
bands in a gel. Higher concentration of protein will lead
to more pronounced/darker protein bands. The intensi-
ty over each lane was plotted by the software imageJ. In
order to relate the measured intensity to the concentra-
tion of apoA-I, a calibration was conducted using four
samples with known concentration of apoA-I, see figure
A.1. It was found that there was a linear correlation be-
tween the integral measured over the peaks (related to
the protein band) and the concentration of apoA-I, see
figure A.2. Thus, using minimum two samples of apoA-I
when running the SDS-pages, it seems possible to esti-
mate the amount of apoA-I quantitatively. However, it
might not be a very accurate estimate, and should only
be use to get an idea of the quantitative amount. The

method of using the integral seems more reliable when

Figure A.1: The SDS-page with three different
concentrations of the supplied apoA-I. From the left the
wells contain: The ladder, 0.0842 mM apoA-I, 0.0421
mM apoA-I, 0.0210 mM apoA-I, 0.0105 mM apoA-I.

used for relative estimates of proteins in the same gel,

e.g. to assess the purity.

Determine volume shift of the fraction
collection on the HPLC

The fraction collector on the HPLC is obviously of ma-
jor importance during the purification of apoA-I. The
volume between detection by the UV-detector and fra-
ction collector was initially unknown. Hence, experi-
ments were conducted in order to estimate this volu-
me. This was done by injection of a BSA solution on
the Superdex-200 column, and collecting fractions of
0.5 mL which could be further analysed by absorption
spectroscopy. The shift in retention volume between the
result from the SEC analysis and the fractions ana-
lysed by the spectrophotometer can be estimated to
be the volume difference between UV-detector and fra-
ction collector. The results from these data are seen in
figure A.3. It is evident that a suggested shift of 0.5 mL

seems reasonable.
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Figure A.2: Plotting the intensity of the lanes,
and measuring the integral over the peaks by the
software imagelJ, indicate that this integral seem to by
proportional to the concentration of apoA-I.
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Liposomes prepared by the detergent depletion
method

The detergent depletion method was used to formulate
rHDLs, however, it could apparently also be used to for-
mulate liposomes. This was found by using the same ap-
proach as used to formulate rHDLs but without adding
of apoA-I. The resulting solution was analysed by dyna-
mic light scattering, and it was found that the average
size of particles in the solution was 190 £+ 14 nm, which
could be attributed to liposomes since this is a reaso-
nable size of self-assembled liposomes. Hence, assuming
that it indeed is liposomes, this illustrates that liposo-
mes can be prepared by the same method as used to
formulate rHDL if no apoA-I is present.

The solution, which presumably contained liposomes,
were also analysed by SEC, see figure A.4. The liposo-
mes should be eluted at the void of the Superdex-200
column due to their relatively large size. Hence, it is
seen from figure A.4 that the void of the column se-

ems to be between retention volumes of approximately
7-8 mL.
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Figure A.4: SEC analysis of the liposomes prepared by
the detergent depletion method. The liposomes should be
eluted at the void of the column illustrating that the void

is at retention volumes at approximately between 7-8 mL.

o o o o o o
w IN o ) ~ o
T T : . T
. . . . .

Absorbance [AU]

I
(N
T
.

0.1r J

0 5 10 15 20 25
Volume [mL]
(B)

Figure A.3: Comparison between the absorbance at 280 nm measured by the HPLC UV-detector and absorbance of the
collected fraction at 280 nm measured by the spectrophotometer. The red line is the data from the HPLC while the blue
bars represent the absorbance of the collected fractions. (A): Clearly, a shift in volume is observed. (B): A volume shift of
0.5 mL is suggested and applied to the collected fractions. The suggested shift seem reasonable.
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B.1 Gating strategy for flow cytometry analys
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Figure B.1: A untreated sample was used as reference to set the gates. Data are only shown for gating of the untreated
sample and the sample containing rHDH with POPC:DOTAP:TMX-201 85:10:5 and 0.1% DOPE-att0488, however, similar
gating strategy was used for all of the formulation presented in figure 4.22. (A): Gating for single cells. (B): The morphology
gates (using FSC and SSC) which identifies the granulocytes, lymphocytes and monocytes. (C-E:) The cells within the
morphology gates are analysed further for the fluorescence from DOPE-atto488. (F): Analysis of the CD14 antibody within
the monocytes gate, which can identify the monocytes more accurately.
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figure 4.23
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B.2 Gating strategy for flow cytometry analys
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Figure B.2: The gating strategy for the flow cytometry experiments presented in figure 4.23. A untreated sample was used
as reference to set the gates (data not shown). The data is shown for the POPC:DOTAP rHDL sample. Similar principles
apply as described in the caption of figure B.1
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B.3. Gating strategy for flow cytometry analysis in figure 4.28 Aalborg University

B.3 Gating strategy for low cytometry analysis in figure 4.28
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Figure B.3: The gating strategy for the flow cytometry experiments presented in figure 4.28. The gating strategies used
to assess both the association of atto488 (which indicate uptake of the rHDLs) and the MHC-I:SIINFEKL presentation are

shown.
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