UNIVERSITY OF SOUTHAMPTON

TRANSFECTION AGENTS
“FROM TRADITIONAL TO MINIATURISED SCREENING”

by

Boon-ek Yingyongnarongkul

Doctor of Philosophy

School of Chemistry

September 2003



UNIVERSITY OF SOUTHAMPTON

ABSTRACT

School of Chemistry

Doctor of Philosophy

Transfection Agents

“From Traditional to Miniaturised Screening”

by Boon-ek Yingyongnarongkul

Three libraries of cationic lipids were synthesised and their transfection efficiency in vitro on
the HEK293T cell line compared to available commercial compounds. Two compounds were
shown to be more effective and showed minimal cytotoxicity by both MTT and trypan blue

assays showing the value of this novel class of compounds for gene delivery in vitro.

Single bead screening was evaluated. A small library of Arginine containing cationic lipids
was synthesised on high-loading beads to assess the possibility of screening the material
cleaved from single beads. One compound was more efficient than Effectene™ and seven
was demonstrated transfection up to 80 % efficiency. These studies showed that single bead
screening was viable but further studies with accurate quantitation need to be undertaken to

realise maximum activity.

Finally, several compounds from the synthesised libraries were tested for their transfection
activity using a microarray setup. Poor transfection was observed, however this technique is
very rapid, miniaturised and fully automated, and with further research and optimisation will

offer an ideal screening technique.
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CHAPTER 1
INTRODUCTION

1.1 Gene Therapy

Gene therapy offers an alternative treatment strategy for a variety of congenital and
acquired diseases. In this process, the "corrected” exogeneous genes or portions of a gene
are introduced into target cells to either replace defective DNA sequences or block gene
transcription/translation. In the normal process of transcription, the two complementary
strands of DNA uncoil into sense and antisense strands, with the antisense DNA strand
serving as a template for the assembly of messenger RNA (mRNA), which contains the
information required for production of the protein sequence. This mRNA carries the
instructions out of the nucleus into the cell’s cytoplasm where the second process,
translation, takes place. mRNA is translated, by cellular organelles, called ribosomes,
according to its sequence of codons to give a polypeptide chain (Figure 1.1).
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Figure 1.1 Mechanism of DNA transcription and translation.

If a disease is caused by a genetic defect, or over expression of a specific protein, gene
therapy, could in theory, be used to affect a cure by one of three methods; i) antigene

strategy, ii) antisense strategy and iii) gene correction.



1.2 Antigene Therapy

Antigene therapy involves the delivery of triplex-forming oligonucleotides, which are
designed to bind to mutant double-stranded DNA, resulting in formation of a triple helix.
This formation can cause gene inactivation (A) or gene activation (B) both of which can

regulate gene expression through direct interaction with DNA (Figure 1.2).
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Figure 1.2 Principles of action of antigene molecule.

Triplex-forming oligonucleotides are designed to bind specifically in the major groove of
the DNA. This produces a triple-helix that prevents that segment of DNA from being
transcribed into mRNA. This triplex formation has been shown to reduce gene expression
by 70-90 %.! Faria er al.? demonstrated that modified oligonucleotide containing N3'-P5’
phosphoramidates exhibited efficient inhibition of transcriptional elongation in cells,
either in transient or in stable expression systems. It has also been shown that a 14-mer

PNA inhibited replication of human mutant mitrochondrial DNA in vitro by more than

80 %.3

One specific application has been to activate y-globin gene expression, since human f-

globin disorders are relatively common genetic diseases caused by mutations in the B-



globin gene. It was found that disease symptoms were reduced when y-globin gene
expression increased. Wang et al.* demonstrated that the introduction of a triplex-forming
PNA promoted y-globin gene expression in K562 cell lines. Xu et al.’ have also shown
that y-globin gene expression increased fourfold using triplex-forming oligonucleotides in
vitro and in vivo. This strategy has also been applied to other diseases, such as the

inhibition of proliferation of human tumor cell lines.®

Two types of triplex structures can be formed depending on the composition of the third
strand. A polypyrimidine rich (C, T bases) third strand binds in a parallel mode to the
polypurine (A, G bases) strand of the DNA duplex by Hoogsteen hydrogen bonds (G:C,
A:T). In contrast a polypurine third strand binds in an antiparallel manner to the
polypurine stand of DNA by reverse-Hoogsteen bonds (G:G, A:A) (Figure 1.3).
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Figure 1.3 Triple helix formation by intermolecular oligonucleotide binding by reverse-

Hoogsteen hydrogen bonding.

The problems of the antigene approach are due to the nature of the triplex-forming

oligonucleotides which need to be G-rich in sequence, which result in the formation of



G-quartet structures under high concentration of monovalent cations.’ Since intracellular
K" concentrations in most eukarytic cells are around 140 mM, this inhibits triplex
formation.® Triplex DNA formation has also been demonstrated in a number of genes that

are relevant clinically. However, there is not a single triplex-forming oligonucleotide in

pre-clinical trials.

1.3 Antisense Therapy

Antisense therapy uses single-stranded synthetic oligonucleotides, unmodified or
modified to regulate gene expression at the translational step. Antisense molecules or
antisense nucleotides are designed to bind to their complementary strands of mRNA.
Hybridisation of antisense oligonucleotides to their target mRNA can lead to translation
arrest since the bound mRNA cannot be translated by the ribosome. Additionally,
activation of the enzyme RNase H, causes cleavage of the target mRNA.’ These
processes together, both lead to the inhibition of protein expression (Figure 1.4). The
potential specificity for target gene binding and consequent inhibition of gene product
synthesis make antisense compounds an attractive new class of drugs for a broad range of

clinical applications. 10,11

Normal Inhibition
mRNA Cytoplasm ANA
DNA DNA
Protein ¢ &= Nucleus = = No protein
/
K ) .............. Cell _...J. \ 8 /
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\ j membrane \ k\ J
\
Antisense

oligonucleotide

Figure 1.4. Principles of action of antisense oligonucleotides.



In the development of antisense technology, there are a host of problems to consider and
overcome. The most serious problem is having the antisense oligonucleotide survive long
enough in the target cells to serve its function. Nucleases present in cells break down the
antisense oligonucleotide. One solution to this problem is to chemically modify the
oligonucleotide so that it is resistant to nucleases whilst retaining the ability to bind to

mRNA and remain non-toxic to cells.

Another problem involves the penetration of the oligonucleotide into the cell. Nucleic
acids are negatively charged due to the phosphate backbone, which makes them unable to
penetrate through the lipid bilayer of the cell membrane. Two independent groups'®'?
have shown that free oligonucleotides are rapidly degraded, with a plasma half-life of
only 0.5-1 h. In vitro and in vivo studies have shown that as a consequence of their short

* the biological effects of free

half-lives and generally inefficient cellular uptake,’
olignucleotides are usually short lived, requiring repeated or continuous administration
for sustained efficacy. One way to solve this problem is to use a rationally designed
carrier molecule or device to facilitate transport of a nucleotide into the cell’s cytoplasm.
This carrier should assist antisense oligonucleotides in penetrating the cell membrane and,

once inside the cell, release the antisense compound allowing targeted binding.

Antisense oligonucleotides are being used increasingly in various in vitro and in vivo
application and are being explored as potential therapeutics against viral infections,
cardiovascular diseases, inflammatory disorders, hematological diseases and cancer.'”"’
In 1998, the first antisense drug, Vitravene ™, used in the treatment of cytomegalovirus
(CMV) retinitis, was approved by the United States Food and Drug Administration
(FDA)."® Vitranene™ or fomivirsen sodium is a phosphorothioate oligonucleotide,
twenty one nucleotides in length, with the following sequence: 5'-GCG TTT GCT CTT
CTT CTT GCG-3'". Fomivirsen sodium is administered by direct injection (into the eye)
and binds to the target mRNA causesing inhibition of IE2 protein synthesis, thus

inhibiting replication.

Recently an RNA strategy for gene inhibition in mammalian cells has been described.
Guo and Kemphues'® found that sense RNA was as effective as antisense RNA at

blocking gene expression in Caenorhabditis elegans. So called RNAI is thus a novel tool



for antisense techniques. It has been reported that double stranded RNA (dsRNA)
interferes with gene activity at a tenfold higher level than single-stranded antisense
RNA.? The interference effect of this dsRNA is now called RNA interference (RNAI).
This process has been shown to function in mammalian cells after the introduction of
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short (21 nucleotides) synthetic double stranded oligonucleotide.” Longer double

stranded olignucleotides (50 and 500 base pairs) were also tested and it was found that
they reduced gene expression but in a non-specific manner.”! Two independent groups™*
reported that small interfering RNAs synthesised from a DNA template in vivo efficiently
inhibited endogenous gene expression in mammalian cells. Using this approach, Lee et
al* have shown that RNA interference can inhibit HIV gene expression in human cells.
These results have raised much interest about the potential utility of an RNA interference
approach for therapeutic applications. It should be noted that the ICsy values of small
interfering RNAs is about 100-fold lower than that of the antisense oligonucleotides

against the same targets in mammalian cells.”

1.4 Gene Correction

One possible way to treat a disease caused by a mutation in a protein is to introduce the
correct gene into the nucleus in order to express the “corrected” protein.”® However
introducing the whole gene into the cells is a real challenge as it corresponds to thousands
of base pairs. A technique that has been developed to overcome this problem takes
advantage of the splicing process. While still in the nucleus, exons are spliced together
and introns, which are non-encoding regions, are removed. The machinery required for
this process is called the spliceosome.27 Splicing joins a 5’ splice site with a 3' splice site
together within the same pre-mRNA strand. This process is called cis-splicing (in contrast,
splicing between two independent pre-mRNA strands is called ¢rans-splicing (Figure 1.5),

but is more unusual).
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Figure 1.5 Mechanism of cis-splicing and trans-splicing

Recent studies employing this feature of RNA biology describe the development of an
interesting new class of therapeutic RNAs that can perform trans-splicing to repair
clinically relevant mutant transcripts. The concept of RNA repair has received much

attention as a novel approach to gene therapy.

Initial studies focused on RNA repair using a trans-splicing version of a group I ribosome
to repair a mutant lacZ gene. This technique was first achieved by Cech, who repaired
mutant transcription in bacteria.?® A following study showed trans-splicing could be used

to RNA in mammalian cells.”

Recently, the spliceosome has been used to repair RNA by performing trans-splicing
between a pre-trans-splicing RNA molecule and a target RNA* (Figure 1.5). A pre-
trans-splicing RNA was delivered into the cell, and the spliceosome and target RNA were
supplied by the cell. Results showed that this technique could repair a clinically relevant
human cell in vivo,”'” and indicate the feasibility of using spliceosome-mediated RNA

trans-splicing to repair RNA for the treatment of genetic diseases.



1.5 Structures and Modifications of Oligonucleotides for Gene Therapy

One of the major challenges for gene therapy is the stabilisation of oligonucleotides in
biological fluids. A variety of oligonucleotide modifications have been carried out with
the sugar moieties and the phosphate backbones being the targets for antisense therapy
whereas nucleoside base modifications are normally used for antigene therapy. In both
cases the interest is to stabilise complex formation with the target DNA. The first
synthesised antisense molecules were unmodified phosphodiester oligonucleotides. These
molecules often contained alkylating moieties or other types of reactive groups designed
to enable irreversible binding to the target sequence in order to prevent the polymerase or
ribosome from reading through the target DNA or RNA leading to hybrid arrest.”>™
Alternatively, intercalating groups can be included to provide additional binding energy
to stabilise the antisense-target complex.’®”’ However, oligonucleotides with natural
phosphodiester bonds are found to be degraded rapidly in culture media in the presence of
serum and/or cells, in biological fluids and in vivo, and to be poorly taken up by living

.4
cells. 840

To produce therapeutically effective antisense oligonucleotides, it was necessary to
improve the stability and uptake of the nucleotides. To address this issue, backbone
modifications have been made. These modifications have included the replacement of
nonbridged phosphate oxygen atoms by either a CHs,*! OCH;*' or NR,* or a sulphur
group*? (Figure 1.6). The latter phosphorothioate oligonucleotide modification is
frequently used, and the majority of antisense molecules currently in clinical trials
™ .

possess this type of modification, indeed the first licensed antisense drug, Vitravene , is

a phosphorothioate oligonucleotide.
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Figure 1.6 Structure of natural oligonucleotide (top left) and modified oligonucleotides
used in gene therapy (right top and second row). B denotes one of the bases adenine,

guanine, cytosine or thymine.

The uptake of phosphorothioate oligonucleotides is as poor as that of unmodified
oligodeoxynucleotides® and the complexes between phosphorothioate oligonucleotides
and mRNA are less stable than those of phosphodiester oligonucleotides and RNA.
However, the main advantage of phosphorothioate oligonucleotides is that they are more
stable to endo- and exonuclease activity.* They have a half-life in human serum of 9-10 h
whereas unmodified oligonucleotides have a half-life of ~1h.%* In addition, mRNA is

cleaved efficiently by RNase when complexed with phosphorothioate oligonucleotides.

N3'-P5’' phosphoramidate is another example of a modified phosphate backbone, where
the 3'-hydroxyl group of 2'-deoxyribose ring is replaced by a 3’-amino group47 (Figure

1.7), which exhibits both nuclease resistance and high affinity to complementary mRNA.
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Figure 1.7 Structure of N3'-P5’ phosphoramidate oligonucleotide.

To further improve the stability of the complex between oligonucleotides and its target
RNA, the sugar moiety has also been modified (Figure 1.8).>>*® This modification has
been carried out at the 2' position, and oligonucleotides containing either 2'-O-methyl- or
2'-O-methoxyethyl-modified riboses have been tested in vitro and in vivo.*® This class of
compounds were less toxic than phosphorothioate oligonucleotides and have slightly
enhanced affinity towards their complementary mRNA.**° In the early 1990s, the sugar
phosphate backbone was completely replaced with an acyclic peptide backbone (Figure
1.8).%° These so called peptide nucleic acids (PNA) are non-ionic compounds where the
sugar-phosphate backbone has been replaced by a N-(2-aminoethyl) glycine unit with the
nucleobases attached through a methylenecarbonyl linker. It has been demonstrated that
such PNAs are capable of forming stable duplexes with complementary DNA or RNA in
both orientations.”’ The advantage of this modification is that the oligonucleotides are

resistant to nucleases,’> bind strongly to RNA or DNA™ and can form stable (PNA),-
RNA triplexes.5 4

o
NH
2' Sugar Peptide nucleic acid
modification (PNA)

Figure 1.8 Structure of sugar backbone modification of oligonucleotide.
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Antigene therapy is based on triplex-forming oligonucleotides by formation of Hoogsteen
H-bonding to double stranded DNA. Purine bases form two H-bonds (Figure 1.3) in
contrast to pyrimidine which have one H-bond when binding in the major groove (Figure
1.9). In order to overcome this problem the nucleoside base has been modified. One of the
first examples of modification was the benzimidazole analogue, which generated stable

triplets at both TA and CG base pairs™ (Figure 1.10 left).

R
N _O
O
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R,N N\H "H
| N=\ 0 N=\
0. o) N-Rr ! o) N-r
S TR ! TR
H\ ,H G H\ ,H G
N NN N NN
e e Y
\N‘ N \N— N
lc) ..aNm €l _.u™m
1?1 (08 II\I (08
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Figure 1.9 Structure of T'CG triplet in both parallel and anti-parallel orientations.
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Figure 1.10 Structures of synthetic base analogues and triplex stabilisation; 1-(2-deoxy-
B-D-ribofuranosyl)-4-(3-benzamidophenyl)imidazole (left), and N*-(6-amino-2-
pyridinyl)cytosine (right) bound to CG base pair.

N*-substituted cytosine derivatives have also been shown to form parallel triplexes with

CG base pairs. These analogues were designed to form H-bonding contacts with both C
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and G bases of the Watson-Crick base pair. The analogue with a rigid side chain was N*-

(6-arnino-2-pyridinyl)cytosin656’57 (Figure 1.10 right), formed a stable triplex with both
CG and AT base pairs.

1.6 Clinical Trials of Oligonucleotides

Currently, there are at least 46 antisense oligonucleotide trials for various diseases, 10 of

1.°® The majority of the antisense

which are in phase III, with an additional 20 in Phase I
oligonucleotides in clinical trials involve oligonucleotides as anticancer therapeutics.
RNA interference technology is a promising area of gene therapy, which is a natural
defense mechanism and will be in clinical trials in the next few years.”” Table 1.1

highlights selected examples of clinical trials with antisense therapies targeting cancer.

Table 1.1. Oligonucleotides in clinical trials against cancer.

Name of Oligonucleotide Disease Status (phase)
Fomivisen sodium CMV retinitis FDA approved
G3139 SCLC, NHL, Advanced @

solid tumors
CLL (Multiple I/II)
NHL, Melanoma (11
AML, Multiple myeloma (I1I)
ISIS 3521 Cancer NSCLC @
NSCLC In
Astrocytoma (1)
Metastatic breast cancer {In
Cancer: NSCLC {Iin
ISIS 5132 Refractory solid tumors (Multiple I)
Lung (SCLC and NSCLC) an
Cancer: ovarian (In
LErafAON Refractory solid tumors 1))
ISIS 2503 Refractory solid tumors (Multiple I)
Cancer: pancreatic (1)
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1.7 Delivery Systems for Gene Therapy

The successful application of gene therapy is also strongly dependent on the ability to
transfer therapeutic genes into target cells. Therefore, research in gene therapy has been
focused on the development of suitable carriers that mediate the efficient intracellular
delivery of genetic material. The most efficient method for transferring DNA into cells is
when useing of viral vectors.® However, there are growing concerns about both the short
and long-term risks of viral vectors, the key problems being the immune response they
provoke, which can be lethal.®! Jesse Gelsigner, a volunteer in a clinical trial, was killed
by an adenovirus vector in a gene therapy clinical trial.’> The size of the DNA that can be
introduced is also limited while there is difficulty and risk associated with large-scale
production of viruses. Hence there have been great efforts to develop a range of non-viral
vectors for the intracellular delivery of genetic material.®® A broad range of non-viral
delivery systems have been described to date including microinjection,64
electroporation,65 and chemical based systems such as calcium phosphate,66 DEAE-
dextran®’ and cationic lipid mediated transfection.®® Of all the non-viral vectors, cationic
lipids have shown the most promise for in vivo applications, based on a combination of
efficiency, stability and lack of toxicity. Since the first application of cationic lipids in
DNA delivelry,69 numerous cationic lipids have been synthesised, and some of these have
been used in gene therapy clinical trials’®’" while others have become established as the

most common method for the transfection of a variety of cell lines in vitro.
1.8 Cationic Liposome Composition

1.8.1 Cationic Lipids

Over the last few years an enormous amount of work has been devoted to the
development of novel formulations of cationic lipids with reduced toxicity and highly
efficient DNA delivery. Felgner et al.® pioneered the use of cationic liposomes
containing a mixture of DOTMA (1) and DOPE (2) in DNA delivery. This formulation is

now commercially available as LipofectinTM, being made up of a 1:1 ratio of DOTMA (1)
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and the neutral lipid DOPE (2). Since the first report, numerous cationic liposomes have

been reported and some of them commercialised (Table 1.2).

Table 1.2. List of commercially available reagents.

Cationic liposome Additive Commercial name
DOTMA (1) DOPE Lipofectin™
DOTAP (3) - DOTAP™
DOSPA (4) DOPE Lipofect AMINE ™
DOGS (5) - Transfectam

Di C 14 amidine (6) DOPE Clonfectin'
DDAB (7) DOPE LipofecAce
Cholesterylspermidine (8) | - Transfectall ™

P I e NV g
Me3+§\)\/0\/\/\/\/\:_—_/\/\/\/\
Cl

DOTMA; N-[1-(2,3-Dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (1)

0

o H \\O)J\/\/\/\/:\/\/\/\/
+ S
HN™ > O\ili/o\)\/o\n/\/\/\/\:/\/\/\/\

-0 0
DOPE; Dioleoyl-L-a-phosphatidylethanolamine (2)

o

OJJ\/\/\/\/M\/\/
*MeN__A__0
CH:SO; N \[(\/\/\/\:/\/\/\/\

(0]
DOTAP; N-(1-[2,3-dioleoyloxylpropyl]-N,N,N-trimethyl ammonium methylsulfate (3)
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VN N P e g

O
N §
g N
Hz +NH2 H
5 CF;CO,
+NHy
DOSPA; 2,3-dioleyloxy-N-[2-(sperminecarboxamido)ethyl]-NV,N-dimethyl-N-propyl-ammonium
pentatrifluoroacetate (4)
o (\/\/\/\/\/\/\/\/
NI % N\/\/\/\/\/\/\/\/\/
HsN N N/\n/
H, +NH, H 0O
4 CF5COy
+NH;

DOGS; dioctadecylamidoglycylspermine tetratrifluoroacetate (5)

I

tBuN~ N
H

di C14 amidine; N-tert-butyl-N'-tetradecyl-3-tetradecyl aminopropionamidine (6)

(\/\/\/\/\/\/\/\/

Me,N&
Br
DDAB; N,N-dimethyl-N,N-dioctadecyl-ammonium bromide (7)

’
’
02
/1,

(4]
HzN\/v\N/\/\/\NJ\O

e H
H,N
N -(5-amino(N-cholesteryl-3f-oxycarbonyl)propyl)-spermidine (8)

In general, the chemical structure of cationic lipids can be divided into a hydrophobic

moiety, spacer group and a positively charged or polar head-group (Figure 1.11).
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Figure 1.11 General structure of cationic lipid.

1.8.1.1 The Hydrophobic Tail

The two main types of tail usually employed are long alkyl chain hydrocarbons (usually 2

chains) or a steroid.

Cationic liposomes containing a single hydrocarbon chain are usually known as
surfactants and they have the ability to form micelles in solution. Pinnaduwage et al.”?
compared the transfection properties of several quaternary ammonium surfactants (DTAB
(9), TTAB (10), CTAB (11)) on fibroblasts and found that the CTAB (11)/DOPE (2)
mixture was the most efficient. However, the transfection activity was less than
commercial Lipofectin™, while their use in gene therapy has been restricted due to their

cellular toxicity.

AR
Me31t1
Br

DTAB, R = H; Dodecyltrimethylammonium bromide (9)
TTAB, R = CH,CHj; Tetradecyltrimethylammonium bromide (10)
CTAB, R = (CH,)3CHs; Cetyltrimethylammonium bromide (11)

The two armed hydrocarbon lipids represent the majority of cationic lipids synthesised to
date. Most cationic lipid transfection compounds (e.g. DOTMA (1), DMRIE (12),
DOTAP (3)) have two aliphatic tails.®® The most frequently used hydrocarbon being the
oleoyl chain which contains a single unsaturated moiety (the first lipid formulation to
receive widespread attention as a gene delivery agent DOTMA (1) contains two oleyl
tails). Felgner studied the structure-activity relationship (SAR) of transfection agents
looking at alkyl chain lengths and transfection activity in vitro and synthesised

compounds containing symmetric saturated hydrophobic moieties that ranged from 14 to

16



18 carbon atoms in length as well as unsaturated oleyl chains. They observed that the
order of efficacy was C14>Coley1>C16>C18.73 Byk et al. synthesised a series of four lipids
with symmetric saturated double alkyl chains with lengths of 12, 13, 14 and 18 carbons
and assayed the transfection of these compounds in vitro. It was found that cationic
liposomes containing two C18 chains were the most effective. The transfection activity

was reduced, and increased cytotoxicity observed with decreasing chain length.”

/\/\/\/\/\/\/\
Nt/ ?
HO/\/BN.\/s\/O\/\/\/\/\/\/\/
T

DMRIE; N-(2,3-tetradecyloxypropyl)-N-hydroxyethyl-N,N-dimethyl-
ammonium bromide (12)

Balasubramaniam synthesised a series that included some asymmetric lipids. The in vitro
activities of asymmetric lipids were usually superior to the best symmetric analogues, but
when the degree of asymmetry was very high the compounds gave poor results (e.g.
C8:C18), the authors hypothesising that C8 was too short to form a bilayer structure.”
Similar results were obtained by Heyes et al.,”® who found that the transfection efficiency
of cationic lipids 13 (C12:C18) and 14 (C12:Cyey1) was higher than for cationic lipids 15
(C12:C16) and 16 (C14:C18). In contrast the shorter lipids (17 (C12:C12), and 18
(C14:C14)) performed far better than the longer ones (e.g. 19 (C18:C18)), which

contrasts with the findings of Byk et al™

HN" Y TOR

OR’
13, R = Cy,H;5, R' = C1gH37; 2-octadecyloxy-3-dodecyloxy-1-propylamine
14, R = Cy3Hjs, R' = CygHj3s; 2-oleyloxy-3-dodecyloxy-1-propylamine
15, R = C3Hys, R' = Cy4Has; 2-hexadecyloxy-3-dodecyloxy-1-propylamine
16, R = Cy4Hg, R’ = CgH3y; 2-octadecyloxy-3-tetradecyloxy-1-propylamine
17, R = Cy3Hjs, R' = CypH)s; 2,3-didodecyloxy-1-propylamine
18, R = Cy4Hjg, R' = C14H;9; 2,3-ditetradecyloxy-1-propylamine
19, R=CygH;37, R' = C1gH3y; 2,3-dioctadecyloxy-1-propylamine

The introduction of carbohydrates to the hydrophobic tail (20) made this compound

slightly more efficient than the unmodified compound. Interestingly, micelles prepared

from 20 are much more active than cationic liposomes containing DOPE (2).”” Gaucheron
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synthesised fluorinated analogues of DOGS (8). These compounds ((DF4C;;)-GS (21)
and (DF4E[1)-GS (22)) gave greater transfection efficiency into lung epithelial A549 cells
than DOGS (5). They also synthesised fluorinated double-chain cationic lipids (close
analogues of DOTMA (1), DMRIE (12) or DPPES (23)), some of which transfected lung
epithelial A549 cells producing comparable results with the first generation of fluorinated
lipoplex analogues of DOGS (5).” The Gemini surfactant 24 with 9-octadecenyl chains
displayed a particularly high transfection activity, approximately 3 times higher than
LipofectAMINE 2000 and did not require co-lipids (see section 1.8.2). The saturated

analogue 25 was less active than 24 and required a much higher surfactant to base pair

ratio.®

W H
,,,, 0.0 N\”AN/\/\N/\/\/N\/\/Nﬂz
HO” Y~ “OH

OH 20

o (CF3)3CF3
HzN/\/\N/\/\(U\N/\n/N (CF2)3-CF3
H ng H o

NH,
DF4C;;-GS; spermine-5-carboxyglycine N,N-di-11-(F-butyl)-undecylamide (21)

o W(Cth-CFa
H2N/V\§IWJ\N/\[rN = N(CFp)s-CFs
(8

N H

NH,
DF4E;-GS; spermine-5-carboxyglycine N,N-di-[11-(F-butyl)-undecylamide] (22)
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(0]
OH
|
HZN/\/\N/\/\HJ\N/\/O\P/O\)\/O\/\/\/\/\/\/\/\
H Ng H

NH,
DPPES; dipalmytoylphosphatidylethanolamidospermine (23)

OH OH
HO ~ /\/\/\/\/:\/\/\/\/
B B N
OoH OH
OH OH
W\/\/\/\/
HO E: N
OH OH

Gemini surfactant; bis-1,6-(oleyl-1'-deoxyglucitylamino)-hexane (24)

OH OH
HO g N Ve VY
: : N
OH OH
OH OH
LV N NG NP U U N\
HO™ ) N
OH OH

Gemini surfactant; bis-1,6-(octadecyl-1'-deoxyglucitylamino)-hexane (25)

Although cationic lipids containing double-chain hydrocarbons are capable of forming

liposomes by themselves, they are often used with neutral helper lipids in cationic

liposome formation.

The other kinds of hydrocarbon structures which are used to form the hydrophobic tails
are cholesterol and its derivatives. The first example of this compound was DC-Chol
(26).®! The cholesterols used in cationic lipids are normally derivatised at the hydroxyl 3-
position,gz’83 for example 27 and 28.% Two of the most effective cationic lipids to date
containing cholesterol tails that have been reported are lipids 67 (29)® and CTAP (30).%

Other polyamine derivatives have also been described including cholesterylspermidine
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(8).87 Guanidinium-cholesterol derivatives (BGSC (31) and BGTC (32)) bearing two
guanidinium groups have been synthesised and tested as artificial vectors for gene
transfer. BGTC (32) has shown to be very efficient for transfection into a variety of
mammalian cell lines when used as a micellar solution.*’ These compounds also have

high transfection activity when mixed with DOPE (2) to form stable cationic liposome

formulations.

(0}
MezN\/\N)k
H

O

DC-Chol; 3B-[N-(N',N'-dimethylaminoethane)carbamoyl cholesterol (26)

’

’
’
‘"

H
N
MezN T~
O

cholesteryl-3B-oxysuccinamidoethylenedimethylamine (27)

H O
N
MezN/\/ \”/\)j\o
(0]

cholesteryl-3p-oxysuccinylamidoethylenedimethylamine (28)

’

v
’
’

H (0]

H,N
Lipid 67; cholesteryl—3[3-oxycarbonyl-1\75 -spermine (29)
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L 5
HZN/\/N\/\/N\/\/\N/\/\N o
H H

CTAP; N5-(cholesteryl-3B—oxycarbonyl)-NI 4—(aminoethyl)-spermine (30)

‘.,

NH, !
HN)\NH
0
- N/U\O
H,N__N
NH

BGSC; bis-(N! ,NI 0-carbabanid0yl)-N5 -(cholesteryl-3f-oxycarbonyl)-spermidine (31)

NH,
HN” “NH
NH,

HN)\II\II/\/ N \/\}NI/U\O

BGTC; N -(diguanidinoethyl)-NI -(cholesteryl-3p-oxycarbonyl)-diaminoethane (32)

Cationic lipids containing bile acid and its derivatives have also been reported, thus
Walker et al.®® synthesised DNA delivery agents made by conjugating different
polyamines to a series of bile-acids. The bile acids and their derivatives are known to
interact with, and increase the permeability of cell, membranes.® Bile acid conjugated

with hexamine (33) transfected COS7 cells >1000 % more effectively compared to

™ 88

Lipofectin ™.

Glucoside N

”' 7, .
Glucoside

33
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1.8.1.2 The Spacer

The spacer represents the chemical moiety between the hydrophobic "tail" and the
cationic head group. In some cationic lipids containing double-chain hydrocarbons, the
three-carbon skeleton of glycerol is often used as the spacer (e.g. DOTMA (1), DOTAP
(3)). In an effort to reduce the cytotoxicity of DOTMA (1), which contained an ether
linkage, a series of metabolisable quaternary ammonium salts were synthesised. % Two of
these (e.g. DOTB (34), DOTAP (3)) exhibited efficiencies comparable to that of DOTMA

(1). However, DOSC (35) with a slightly longer spacer was much less efficient.

o

OJJ\/\/\/\/W
Me 3;}/\/7])/0%/0\(”)/\/\/\/\;—/\/\/\/\

DOTB; 1,2-dioleoyl-3-(4'-trimethylammonio)butanoyl-sn-glycerol (34)

(0]

(0] o)J\W/\/W
+
Me;N \/\OJ\/\ﬂ/O\/s\/O\ﬂ/\/\/\/\-_—_-_/\/\/\/\
(¢ (0]

DOSC; 1,2-dioleoyl-3-succinyl-sn-glycerol choline ester (35)

Recently, cationic lipids with a photocleavable spacer between the hydrophilic and
hydrophobic tails were synthesised.”’ The transfection efficiency of KNBN 12 (36) and
RNBN 12 (37) was 13 and 3 times greater without UV irradiation and more than 19 and
10 times greater with the UV irradiation, respectively compared to commercially
available Lipofectin. The reason for this increased transfection efficiency would be that
when lipoplexes enter cells, the photocleavage of lipids facilitates the escape of DNA

from the endocytic vesicles (see section 1.10.1).
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0]

KNBN 12; 2-(N-(1,5-diaminopentyl-1-carbonyl)-aminomethyl)-5-(didodecylaminocarbonyl)-
nitrobenzene (36)

(4] NO,
HN N ‘/\/\/\/\/\/
H N
A\ P g

H,N” NH

RNBN 123 2(N-((1-amino-4-guanidino)-butyl)-1-carbonyl)-aminomethyl-5-
(didodecylaminocarbonyl)-nitrobenzene (37)

1.8.1.3 Cationic Head Group

The positive charge on a cationic lipid arises due to the presence of an amine (primary,
secondary, tertiary or quaternary) or guanidinium functionality. DOTMA (1) and their
analogues (DOTAP (3),”° DORI (38),”>”> DMRIE (12) and DORIE (39)),” which bear a

single positive charge have achieved the widest use in cationic liposome formulation.

HO/\/BP;\}\/O\/\/\/\/\—_—/\/\/\/\

DORIE; N-(2,3-dioleyloxypropyl)-N,N-dimethyl-N-hydroxyethylammonium bromide (39)
The multiply charged headgroups are usually derived from naturally occurring

polyamines, spermidine (40) and spermine (41). DOSPA (4), DOGS (5), DPPES (23)°

and Lipid 67 (29),% are examples of cationic lipids containing spermine, while the
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positive charges of cholesterylspermidine (8)¥ are from spermidine. Some other
polyamines have been used, for example in CTAP (30).% Multiply charged cationic lipids
form micellar rather than vesicular structures’® and exhibit higher efficacy in condensing
DNA than the mono charged lipids. However, this property does not necessarily lead to a
higher transfection efficiency, since the intracellular dissociation of DNA from the

complexes is expected to be more difficult.”

HZN/\/\N/\/\/ NH,
H

Spermidine (40)

H
N NH.
H,N NN TN NN
H
Spermine (41)

The guanidinium head group appeared to be particularly well suited for interaction with
the negatively charged phosphate residues of polynucleotides. Two examples of lipids
bearing guanidinium headgroups include BGSC (31) and BGTC (32).8 BGTC (32) is
very efficient for the transfection of a variety of mammalian cell lines when used as a
micellar solution, while both 31 and 32 presented high transfection activities when

formulated as liposomes with DOPE (2).

Naturally occurring amino acids have been used to act as cationic head groups. Lewis et
al®* reported Arginine-containing cationic lipids as a DNA delivery agent (GS2888 (42)).
This compound formed liposomes with DOPE (2) and gave superior transfection
efficiency compared to commercially available reagents (LipofectinTM,
LipofectAMINETM, LipofectAceTM and Transfectam™) under serum-free conditions.
None of the commercial reagents transfected cells in the presence of 10% FBS, except
(GS2888 (42). This agent was able to deliver oligodeoxynucleotide to CV-1 cells in 50%

FBS, and was observed to transfect a broad array of cell types.
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GS2888 (42)
H,N” NH

Heyes et al.’® synthesised cationic liposomes using four different naturally occurring
amino acids as head groups including Arginine, Lysine, Histidine and Tryptophan. Only
derivatives with the flexible head groups of Arginine (43) and Lysine (44) gave
transfection efficiencies higher than the DC-Chol (26)/DOPE (2) control. The importance
of the guanidinium group of Arginine was supported by the observation that short
oligomers of Arginine entered cells far more rapidly than the corresponding oligomers of

either Lysine, Histidine, Ornithine or Citruline.”

(43) R = Arginine
(44) R =Lysine

Amongst the other cationic groups that have been examined, Okayama et al. % gynthesised
a novel cationic cholesterol derivative containing a hydrophilic amino head group (45).
This compound was used for gene transfer experiments including the delivery of
antisense oligonucleotides to target cells. It was observed that the induction of apoptosis
by this agent was much greater than that by commercially available DC-Chol (26)
liposome.”” However BHEM-Chol (46), which has two hydrophilic head groups, gave
similar transfection efficiency in COS-7 cells as DC-Chol (26).® In another study,
Balasubramaniam ez al.” reported that cationic lipids containing a hydrophilic moiety in

the head group improved in vivo gene delivery in lung cells.
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BHEM-Chol; N(N'(cholesteryl-3-carbonyl)aminoethyl-N,N(hydroxyethyl)-N-methyl)
ammonium bromide (46)

Keil er al.” reported the synthesis of carboxycholesteryl-modified chloroquine analogues
CCQ22 (47) and CCQ32 (48). The cationic lipid CCQ22 (47) showed superior
transfection efficiency to DC-chol (26). Smisterova synthesised a series of pyridinium
amphiphiles 49-52, whose transfection efficiencies depended on their hydrophobic tails

and the level of DOPE (2) used to form the liposomes.m

_ | ccQ2:n=1,R=CH,CH; 47)
a N CCQ32:n=2,R = CH; (48)
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SAINT-2, 4-(bis-oleyl)methyl-1-methyl-pyridinium chloride (50)

— Z I

SAINT-21; 4-(bis-oleyl)methyl-1-[4-(trimethylammonium)butyl] pyridinium dichloride (51)

G/
\ /N NH;

SAINT-27; 4-(bis-hexadecyl)methyl-1-[4-(ammonium)butyl]pyridinium dichloride (52)
1.8.2 Co-Lipid

Most of the cationic liposomes presently require co-lipids for optimal transfection
efficiency.101 The co-lipid is normally a neutral phosphatidylethanolamine lipid. The

importance of associating DOPE (2) to improve the ability of cationic liposomes to

101,102

transfect cells has been demonstrated by many researchers and in vitro studies

clearly show that liposomes composed of an equimolar mixture of DOPE (2) and cationic
lipids (e.g. DOTMA (1), DOTAP (3)) mediate higher levels of transfection than those

containing only the cationic lipid or different helper lipids such as DOPC (53).103-105
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DOPC; dioleylphosphatidylcholine (53)

Some other co-lipids have been used to form liposomes and have been tested for
transfection activity. Ferrari and co-workers'® studied the structure-transfection activity
relationships of several co-lipids. Liposome formation from cationic lipids; GAP-DLRIE
(54) and GAP-DMORIE (56) and different co-lipids; DLPE (58) DMPE (59), DPPE (60),
DPyPE (61) and DOPE (2), were prepared and it was found that there was no trend
between transfection efficiency and co-lipid structure. The transfection efficiency
decreased when the alkyl length of both cationic lipids and co-lipids increased (e.g.
lipoplexes formulated from GAP-DLRIE (54)/DLPE (58), GAP-DMRIE (55)/DMPE (59)
and GAP-DMORIE (56)/DPPE (60)).

_ OR
H,N Br+1[V
2\/\/] OR

GAP-DLRIE, R= £~~~

(£)-N-(3-aminopropyl)-N,N-dimethyl-2,3-bis-(dodecyloxy)-1-propyl
aminium bromide (54)

GAP-DMRIE, R-=

(2)-N-(3-aminopropyl)-N,N-dimethyl-2,3-bis-(tetradecyloxy)-1-propyl
‘aminium bromide (55)

GAP-DMORIE, R= S e~

(x)-N-(3-aminopropyl)-N,N-dimethyl-2,3-bis-(cis-9-tetradecenyloxy)-1-propyl
aminium bromide (56)

GAP-DPRIE, R= W

(£)-N-(3-aminopropyl)-N,N-dimethyl-2,3-bis-(hexadecyloxy)-1-propyl
aminium bromide (57)
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DLPE, R= MN\/\

1,2-dilauroyl-sn-glycero-3-phosphoethanolamine (58)
O

DMPE, R= 77{0\/\/\/\/\/\/\

1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (59)
(0}

DPPE, R= z{k/\/\/\/\/\/\/\

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (60)

O
DPyPE, R= H([J\/WW\

1,2-di(3,7,11-trimethyl)palmitoyl-sn-glycero-3-phosphoethanolamine (61)

More recently, it has been suggested that DOPE (2) can also play a role in facilitating the
disassembly of the lipid-based DNA formulations after their internalisation, and the
escape of DNA from the endocytotic vesicle.'””'%® This concept was based on the
assumption that the amine group of DOPE (2) can interact with the phosphate group of
DNA, thus leading to weakening of the binding reaction between cationic lipids and
DNA.'” Although the benefits of using DOPE (2) have been demonstrated empirically,
recent work has shown that the choice of the helper lipid can dictate the structure and the
activity of cationic liposome-DNA complexes. Cholesterol has also been employed as a
co-lipid to prepare cationic liposomes, resulting in the formation of more stable but less
efficient complexes than those containing DOPE (2). In contrast, cholesterol-containing
lipoplexes have shown higher biological activity compared to complexes with DOPE (2)

e a e 109-112
when these complexes were utilised in vivo. 0

1.9 Structure and Size of Cationic Liposomes and Lipoplexes

Lipoplexes, which are also known as liposome-DNA complexes, play a central role in
current approaches to gene therapy,“3 serving as potent transfection vectors. The

mechanisms by which these complexes enter living cells, the escape of DNA from the

29



complexes and the subsequent entry of DNA into nucleus are not well understood.''*!!?

However, the size and morphologies of cationic liposomes (either from cationic lipids
alone or with co-lipids) and lipoplexes have been studied and are known to affect the
transfection efficiency. The size and shape of the liposomes depends upon the way they
are formed. The two basic structures are unilamellar and multilamellar (Figure 1.12).
Unilamellar liposomes consist of a single lipid bilayer whereas multilamellar liposomes
contain two or more bilayers. Multilamellar liposomes are much less homogeneous than
unilamellar but much easier to prepare.115 The size of a small unilamellar liposome is
between 25-100 nm and a large unilamellar liposome is between 100-400 nm whereas

multilamellar liposomes vary from 200 nm up to several microns.!!®

#gﬁﬁ

Polar il Iml'mnﬂﬂ Hydrophobic
headgroup U]“l”ﬂl.“l“ tail

TnTARTATA
uubyluul

Bilayer

Two bilayers

Figure 1.12 a) unilamellar and b) multilamellar liposomes.

Two independent groups have reported that multilamellar liposomes with an average size
ranging from 300 to 700 nm, when complexed with DNA mediated higher transfection
activity than complexes prepared from small unilamellar liposome (20-100 nm).”>'1°
Yagi et al.''” and Zelphati e al."'® have also shown that the transfection efficiencies were
higher when plasmid DNA was mixed with multilamellar rather than large unilamellar
(~100 nm) liposomes. Kerner et al.''® used different liposome formulations to form
lipoplexes with multilamellar and large unilamellar structures. The transfection efficiency

was significantly better when multilamellar liposomes were used.
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It has also been reported that lipoplexes resulting from small unilamellar or multilamellar
structures which did not differ significantly in their size (ranging from 300 to over 2000
nm, depending on the composition of the medium used in their preparation) had similar
levels of cellular association and uptake.'® Thus, the transfection activity mediated by the
resulting complexes was observed to be dependent only on the final size of the lipoplexes
and not on the type of liposomes used.'” Battersby er al'?' used cryo-electron
microscopy to observe the structural changes upon mixing plasmid DNA with small
unilamellar liposomes. They found that the small unilamellar liposomes (Figure 1.13, a)
changed dramatically into large multilamellar lipoplexes upon binding with the plasmids

(Figure 1.13, b).

Figure 1.13 Cryo-electron microscopy of a) cationic liposome (unilamellar) and b)

cationic liposome-DNA complexes (multilamellar). This figure was modified from

Battersby et al.'*!

In general, mixing DNA and cationic liposomes results in the spontaneous formation of
lipoplexes characterised either by lamellar (bilayer) (Figure 1.14) or hexagonal symmetry
(Figure 1.15)."*>!* The lamellar phase consists of a monolayer of parallel DNA strands
sandwiched between liposome bilayers (Figure 1.14). The hexagonal complexes consist

of double strand DNA intercalated within the aqueous tubes of the inverse hexagonal

lipid phase (Figure 1.15).
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% .J} Lipid bilayers

Figure 1.14 Schematic of the lamellar phase of cationic liposomes—DNA complexes,
with alternating lipid bilayers and DNA monolayers. This figure was reproduced with

permission from Koltover et al.'®

Figure 1.15 Schematic of the inverted hexagonal phase (cylinders consisting of DNA
coated with a lipid monolayer arranged on a hexagonal lattice) of cationic liposome-DNA

complexes. This figure was reproduced with permission from Koltover et al.'*

The choice of co-lipid is reflected in the morphology of lipoplexes and affects the
transfection efficiency.'® Commonly used co-lipids are double-tailed phospholipids,
DOPE (2) or DOPC (53). DOPE (2) shows a strong tendency for the inverse hexagonal
phase whereas DOPC (53) prefers the lamellar phase.'” The structure of both the
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lamellar'?*'** and inverse-hexagonal phasem’125 have been determined by X-ray
diffraction measurements. These structures have been attributed to the ability of DOPE
(2) to facilitate the formation of liposomes in conjunction with cationic lipids and its
tendency to undergo a transition from a bilayer to a hexagonal configuration under acidic
pH. This may facilitate fusion with or destabilisation of target membranes, in particular

the endocytic membranes’>'% leading to superior transfection efficiency.

1.10 Mechanism of DNA Delivery

The mechanism of delivery of nucleic acids into cells by cationic liposomes is not well
understood. Gene transfer mediated by liposomes is strongly dependent on its physico-
chemical features and on the cellular internalisation mechanisms. Aspects of the
mechanism of uptake have been investigated including cellular fusion studies, 21?7
methods of cellular uptake'?”'”® and DNA release from the lipoplexes into the
cytoplasm.““’129 Parameters that are known to influence structure and delivery include
complexing volume,' lipid composition and the charge ratio of cationic lipid to DNA."

103,127

The uptake of lipoplexes in vitro is believed to be via endocytosis of complexes and

eventual transfer of DNA into the cytoplasm through fusion of the complexes with, or

rupture of, the endosomal membrane. 27131132

1.10.1 Cellular Uptake of Lipoplexes

The entry of lipoplexes into cells is the first step of cationic liposome mediated nucleic
acid delivery. The uptake of lipoplexes in vitro is believed to be via endocytosis of the

lipoplexesm’127 followed by the transfer of DNA into the cytoplasm.m’m’132

Endocytosis {Endo (within) cytosis (cell)} is a process by which substances, in this case
lipoplexes, are taken into the cell (Figure 1.16). When the cell membrane comes into
contact with a substance, a portion of the cells cytoplasm extends forward to meet and
surround the material and a depression forms within the cell wall. The depression deepens
and the movement of the cytoplasm continues until the substance is completely engulfed
in a pocket called an endosomal vesicle. The vesicle then drifts further into the body of

the cell and DNA is released from the vesicle.
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Figure 1.16 Representation of cellular uptake of lipoplexes by endocytosis.

Passage through the cell membrane by endocytosis was demonstrated by Zabner et al.,”?
using electron microscopy to follow the entry of gold-labeled DNA in DMRIE
(12)/DOPE (2) lipoplexes. After initial association with the cell surface, the lipoplexes
entered the cell by endocytosis but remain localised within an endosome (Figure 1.17, D).
This was interpreted to be the result of endosome migration toward the cell nucleus

followed by the release of DNA into the cytoplasm.

The cellular uptake of lipoplexes varies depending on the type, confluence and age of the
cells. Moreover, it has been demonstrated that the physico-chemical properties of the
lipoplexes may influence cellular uptake, leading in some cases to promotion of
endocytosis.'® Most of the reported studies aimed at clarifying these mechanisms
indicate that the endocytosis pathway plays a major role in the internalisation of

lipoplexes.lzﬁl’m’134
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Figure 1.17. Transmission electron photomicrographs of COS cells transfected with gold-
labeled DNA complexed with DMRIE (12)/DOPE (2) liposome. Cells were exposed to

0l {34
3 5 o3 ;4 ?
Pt G :' ;.hi“ A

AR .

lipoplexes and removed for electron microscopy at the indicated times: A) 5 min, B) 30
min, C) 1 h, D) 6 h, E) 24 h. F) Cells transfected with unlabeled DNA. This figure was

reproduced with permission from Zabner et al.'*

1.10.2 Cytoplasmic Delivery of DNA
Following internalisation of the liposomes in the endocytic vesicles, the next step is the

release of the complexes from the endocytotic compartments into the cytoplasm. The

entry mechanism of liposomes into the cell by endocytosis followed by the release of
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nucleic acids through destabilisation of the endosomal membrane, due to the interaction
of cationic charge of the lipoplexes and anionic charge endosome membrane was first
proposed by Xu and Szoka.''* As shown in Figure 1.18, electrostatic interaction between
the cationic liposome and endosomal membrane initiates a destabilisation of the
endosome membrane that results in a “flip-flop” of anionic lipids (step 2). The anionic
lipids laterally diffuse into the complex and form charge-neutralised ion pairs with the
cationic lipids (step 3). This displaces the plasmid DNA from the complex and permits
DNA entry into the cytoplasm (step 4).

? Zwittcrionic Tipid
114 §  Anionic ipid
] Cationic lipid

m’lﬁ STEP 1 4fRAY Plasmid DNA

l STEP 4

Figure 1.18 Proposed mechanism for the entry of cationic liposome-DNA complexes into
cells and subsequent release of DNA from endosome. This figure was reproduced with

permission from Xu and Szoka.'!*

It should be noted that the presence of DOPE (2) in the liposome formulations plays an
important role in mediating destabilisation of the endosomal membrane since the
acidification of the endosomal lumen activates the fusogenic properties of this lipid. More
recently, it was demonstrated that following internalisation of the complexes via

endocytosis, DOPE (2)-containing cationic liposomes promoted fusion with the
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endosomal membrane under acidic conditions, thus allowing release of DNA into the
35

cytoplasm.”

Figure 1.19 Cryo-electron microscopy images of gemini surfactant (24): (a) free (i.e.,
without DNA) gemini surfactant; (b) lipoplex at the pH of preparation (8.8); (c)
condensed lamellar phase evident at pH 6.51 (circular structures are artifacts); (d) “side
view” of hexagonal phase at pH 5.13 as columns; (e) as (d) but “face on’’view; inset of (),
Fourier transform pattern derived from (d). Scale bar, 100 nm, apart from the inset of (e),

which is 0.5 nm™. These images were reproduced with permission from Bell ez al.'*

Moreover, upon lipoplex internalisation, DOPE (2) may also be involved in DNA
dissociation from the lipoplexes due to the ability of its amino groups to complete with
the cationic lipid for the DNA phosphate groups.'” Recently, Bell ez al.'*® observed the
changing morphology of lipoplexes upon gradual acidification using cryo-electron
microscopy. Three well-defined morphologies were observed: a lamellar phase (Figure
1.19, b), a condensed lamellar phase (c) and an inverted hexagonal columnar phase (d and
e). The inverted hexagonal phase was formed in the endosomal pH range (6.2-5.4)P7138
and led to destabilisation of the endosome resulting in release of DNA into the

cytoplasm.'*®

37



1.10.3 Nuclear Entry of DNA

The mechanism of DNA trafficking into the nucleus has not yet been fully elucidated.
Whether DNA penetrates the nuclear membrane through pores by a passive diffusion
process or through active transport mechanisms remains to be clarified. However, not all
the DNA which enters the cell will be functional. This point has been illustrated by
Zabnmer et al.,'”® who followed cationic liposome mediated gene delivery into COS and
HelLa cell lines, and observed that gene expression occurred in less than 50 % of the cells,
even though endocytosis was determined to be an efficient step. This suggests that the

majority of delivered nucleic acid is usually unable to escape from the endosomal vesicles

into the cells cytoplasm.

The size of the nucleic acids appears to be an important factor for entry into the nucleus.
Small oligonucleotides (20-30 base pairs in length) readily accumulate in the nucleus,

139,140

whether delivered by cationic liposomes or by cytoplasmic injection.141 However,

larger DNA is probably excluded from the nucleus since the pores act as a size exclusion
sieve (< 40 kDa), which is lower than the molecular weight of many plasmid DNAs.'* It
has been demonstated that microinjection of free plasmid DNA into the nucleus results in
gene expression, whereas microinjection of lipoplexes does not, suggesting that lipid

coating the DNA inhibits transcription.133

1.11 Conclusion

Gene therapy is a promising technique to treat genetic diseases and is currently under
intense development. One of the most important areas in gene therapy is delivery. Viral
vectors have high efficiency but have a number of major problems. Non-viral vectors are
less efficient but have many advantages over viral vectors. Cationic lipids are the most
promising among the non-viral vectors. Work in this PhD thesis attempted to investigate
new high efficiency cationic lipids for gene delivery as well as to miniaturise transfection
screening. In chapter 2, cationic lipids were synthesised using solid-phase synthesis,
followed by traditional transfection screening. In chapter 3, cationic lipids were
synthesised and transfection screening achieved at the single bead level. Chapter 4

examines the potential of microarrays for transfection screening.
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CHAPTER 2

SOLID-PHASE SYNTHESIS OF POLYAMINE-BASED CATIONIC
LIPIDS FOR GENE THERAPY

2.1 Introduction

Gene delivery has become a challenge in the areas of modern molecular biology and most
importantly gene therapy. Many studies have focused on the use of non-viral cationic

1.° in 1987, and after they were used in the

lipids since the initial reports by Felgner et a
world’s first human gene therapy clinical trials by Nabel et al.”® in 1993. Since this time

there has been huge interest in the design of novel non-viral systems for gene transfer.

Delivery of DNA into mammalian cells involving cationic lipids involves numerous
steps.133 The first of which is condensation with a cationic transfection agent, and the
resulting, positively-charged, transfection complex then undergoes electrostatic
interactions with negatively-charged cell-surfaces, and uptake into the cell (principally by
endocytosis). A small fraction of the DNA is taken up into endosomes, where it then
escapes into the cytosol133 and maybe enters the nucleus. The presence of so many steps
in the transfection pathway means that it has been very difficult to generate strong

structure-activity relationships (SAR) for transfection compounds.

While there are no absolute features for the structure of a cationic lipid, they generally
contain a cationic headgroup often consisting of a guanidine functionality or an amine
group (primary, secondary, tertiary or quaternary) attached to a hydrophobic tail(s). The
hydrophobic domain is generally a single or double chain hydrocarbon, 12-18 carbon
units in length, and it can consist of straight or branched chains containing either

saturated or unsaturated regions or steroidal derivatives.

In the search for new, efficient cationic liposomes for use as DNA carriers, three libraries
of transfection agents were synthesised. Library (1) consisted of cationic lipids with the
structural constituents of one polar headgroup and one hydrophobic tail. Library (2)

consisted of cationic lipids with two polar headgroups and one hydrophobic tail and
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library (3) one polar headgroup and two hydrophobic tails (62, 63 and 64 respectively
Figure 2.1). A guanidinium group was selected as the hydrophilic, positively charged
section of the transfection agent, as it has been shown that compounds containing this
group are highly efficient for the transfection of a variety of mammalian cell lines.®® To
fully explore the potential of these guanidinium-containing head-groups, they were
conjugated to a wide range of hydrophobic tails: straight-chain and branched-chain tails

of 5-18 carbon units, as well as steroidal bile acids.

NH (0}
H2N/U\N/\/\N/\/\N/U\R
H H H
62

HZN\I//NH

H H H

by SO
H H H

64

Figure 2.1. General structure of cationic lipids used in this study

Combinatorial solid-phase synthesis allows highly efficient production and purification of
diverse libraries of compounds, which can be used in the search for new therapeutic
agents. Therefore combinatorial chemistry was considered as a tool that could be used to
synthesise a library of transfection compounds and assess their SAR. The first reported
use of a solid-phase approach to generate'*® and study DNA delivery agents™ were
described by Byk. However, unlike Byk’s approach where the protected polycationic
building blocks had to be cleaved from the solid-support prior to the addition of
hydrophobic tails, the present strategy has the advantage that polyamines can be attached
directly onto the solid phase, and the cationic head groups and hydrophobic tails

subsequently coupled to the polyamines before cleavage from the resin allowing the full
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exploitation of solid phase methods. The use of this strategy to generate compound
libraries using solid-phase methodogy is shown in Figure 2.2 where a template molecule
contains an attachment part to the solid support and two functionalities which can be
modified to allow different cationic head and hydrophobic tail combinations to be
generated. An ideal compound is a polyamine (Figure 2.2 right hand side) which contains
two active primary amino groups at the temini to allow functionalisation and a secondary
amino group that can be coupled to the solid-phase via a linker. Norspermine was chosen

due to its symmetry, ease of synthesis and ability to attach to a solid support.

Coupled to solid support
via linker
H
) N ) ) — HN AN NH,
Functionalise Functionalise H
\ Template /
H,N NH,

Figure 2.2. Template molecule used for transfection libraries synthesis.

The proposed strategy for the synthesis of cationic lipids is shown in Figure 2.3. Since
this polyamine has two primary amino groups, orthogonal protecting groups are needed
which are compatible with the linker attached to the solid support. The linker used in this
chapter was acid-labile and thus the protecting group cleavage conditions must not cleave

the linker from the solid support.
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Figure 2.3. Synthetic strategy for the synthesis of transfection compound libraries. Where

PG is a protecting group and SP is a solid support.

2.2 Synthesis of Orthogonal Polyamines

The first step was the construction of a polyamine scaffold, which was to be used in the
synthesis of all three libraries. The novel unsymmetrical polyamine 65 (Figure 2.4) with
the orthogonal trifluoroacetyl (Tfa) and (4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl

(Dde) protecting groups was therefore synthesised.

O O
= N/\/\N/\/\NJ\CF;;
H H H
O
65

Figure 2.4. Orthogonal polyamines scaffold

The Tfa group was used to protect the primary amines specifically over the secondary

147,148

amines."**'*" This group can be cleaved with ag. ammonia or methanolic aq.

K,CO3."*° The Dde group was selected to be the other orthogonal protecting group due to
its ability to react selectively with a primary amine in the presence of a secondary amine
even if a large excess of reagent is used. Furthermore, it is stable to both acidic and basic

conditions and can be removed under mild nucleophilic conditions.">*'>¢ Initially the
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synthetic strategy involved the selective protection of one of the primary amino groups of
polyamine 66 with ethyl trifluoroacetate (leq).'**'’ The crude reaction product
contained mainly mono-trifluoroacetamide, but also unreacted starting material. This was
subjected to treatment with 2-acetyldimedone (1.2 eq) to afford, after careful column

chromatography, polyamines 67 and 65 in 19 % and 61% yield respectively.

0] 0]
Pz N/\/\N/\/\N X
H H H
O ¢

67
HzN/\/\}NI/\/\NHz _b_.> .
o o
66
= N/\/\N/\/\N/U\CF3
H H o
0 65

Scheme 2.1. Reagents and conditions: a) ethyl trifluoroacetate (1 eq), MeOH, -78 °C.; b)
2-acetyldimedone (1.2 eq), CH2Cl,.

2.3 Synthesis of the Linker

Linker molecules play a key role in any successful synthetic strategy in solid phase
synthesis157 as they covalently link the polymeric support and the molecules that are
being synthesised. Linker 71 (Scheme 2.2), which has been used in polyamine chemistry
was selected as the linker of choice as it is easy to synthesise from cheap readily available
starting materials, stable under many varied conditions and able to release products under
mild acidic conditions.'*® The reaction of commercially available 4-hydroxybenzaldehyde
(68) with allyl chloroacetate under reflux gave compound 69 in high yield. Subsequent
reduction of aldehyde 69 with NaBH3CN and reaction of the resulting alcohol (70) with

4-nitrophenyl chloroformate gave the desired product 71.
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Scheme 2.2. Reagents and conditions: a) allyl chloroacetate (1.2 eq), K>CO; (1.1 eq), KI
(0.1 eq), CH3CN, quant.; b) NaBH3CN (1.5 eq), THF/H,O (1:1), 1N HCI, bromocresol
green (trace), 0 °C, quant.; ¢) 4-nitrophenyl chloroformate (1.2 eq), CHxCl,, pyridine (4

eq), 0 °C, quant.
2.4 Synthesis of the Polyamines-Linker Scaffold

The polyamine-linker scaffold was obtained as shown in Scheme 2.3. The orthogonally
protected polyamine 65 was reacted with linker 71 to afford 72 in high yield (95 %).
Spectroscopic data (‘H NMR and ESMS) obtained was consistent with the proposed
structure. To attach the scaffold onto aminomethyl polystyrene resin, the Alloc protecting
group was cleaved using Pd(PPhs)s™ to afford the corresponding acid 73 (72 %), which
was attached onto the solid support using DIC and HOBt to give 74. The loading of this

resin was (.64 mmol/g, as deduced by a ninhydrin test.
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