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SUMMARY

Antisense oligodeoxynucleotides can selectively inhibit individual gene expression
provided they remain stable at the target site for a sufficient period of time. Thus,
the efficacy of antisense oligodeoxynucleotides may be improved by employing a
sustained release delivery system which would protect from degradation by
nucleases whilst delivering the nucleic acid in a controlled manner to the site of
action. Biodegradable polymer films and microspheres were evaluated as delivery
devices for the oligodeoxynucleotides and ribozymes. Polymers such as
polylactide, polyglycolide, polyhydroxybutyrate and polyhydroxyvalerate were
used due to their biocompatability and non toxic degradation products.

Release profiles of antisense nucleic acids from films over 28 days was biphasic,
characterised by an initial burst release during the first 48 hours followed by a more
sustained release. Release from films of longer antisense nucleic acids was slower
compared to shorter nucleic acids. Backbone type also affected release, although to
a lesser extent than length. Total release of the nucleic acids is dependent upon
polymer degradation, no degradation of the polymer films was evident over the 28
day period, due to the high molecular weight and crystallinity of the polymers
required to make solvent cast films. Backbone length and type did not affect release
from microspheres, release was generally faster than from films, due to the
increased surface area, and low molecular weight polymers which showed signs of
degradation over the release period, resulting in a triphasic release profile. An
increase in release was observed when sphere size and polymer molecular weight
were decreased.

The polymer entrapped phosphodiester oligodeoxynucleotides and ribozymes had
enhanced stability compared to free oligodeoxynucleotides and ribozymes when
incubated in serum. The released nucleic acids were still capable of hybridising to
their target sequence, indicating that the fabrication processes did not adversely
effect the properties of the antisense nucleic acids.

Oligodeoxynucleotides loaded in 2um spheres had a 10 fold increase in macrophage
association compared to free oligodeoxynucleotides. Fluorescent microscopy
indicates that the polymer entrapped oligodeoxynucleotide is concentrated inside
the cell, whereas free oligodeoxynucleotides are concentrated at the cell membrane.

Biodegradable polymers can reducc the limitations of antisense therapy and thus
offer a potential therapeutic advantage.
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CHAPTER ONE

INTRODUCTION

1.1 ANTISENSE OLIGODEOXYNUCLEOTIDES

Antisense oligodeoxynucleotides (ODNGs) are short lengths of single stranded DNA
designed to regulate over expressed or undesirable genes and inhibit viral
replication. The principle of this method requires an intervention in the normal
transfer of genetic information in the cell from DNA to mRNA to protein. Antisense
ODN:ss are designed to be complementary to (sense) pre-mRNA or mRNA
molecules of the target gene and interact to form an antiparallel duplex. Once a
unique target sequence in the gene or its message of interest is identified, an ODN
can be synthesised against the target sequence. Through rational design it is hoped
that ODNs will show a dramatic increase in affinity and selectivity for nucleic acid

targets compared to traditional drugs.

The potential of antisense ODNG to inhibit gene expression has been extensively
reviewed (Zon, 1988; Hélene and Toulmé, 1990; Agrawal and Sarin, 1991;
Crooke, 1992; Calabretta et al., 1993; Carter and Lemoine, 1993; Leonetti et al.,
1993; Pierga and Magdelenat, 1994). Despite the fact that human antisense clinical
trials have already started, questions about the true mechanisms of action and
delivery of these antisense nucleic acids still need to be addressed. Studies by
Kitajima et al., 1992 ; Higgins er al., 1993; Ropert et al., 1994, have shown that
antisense ODNs can selectively inhibit gene expression in vitro and in vivo
provided they remain stable at the target site for a sufficient length of time. This will
require repeated administration of an antisense agent given exogenously at

appropriate intervals to ensure a continuous suppression of the target.

The general structure of an ODN is shown in Fig.1.1, consisting of the sugar
phosphate backbone of a DNA strand. Structural modifications have been
developed, due to the nuclease instability (Wickstrom, 1986), which has resulted in
a series of ODNs with varying properties. Modifications can be made at the
phosphodiester linkage, the base, or the sugar phosphate backbone (section 1.1.3).

18
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Fig.1.1 General structure of oligodeoxynucleotides, indicating positions of
structural modifications.

1.2 INTERACTION OF OLIGODEOXYNUCLEOTIDES WITH NUCLEIC
ACID TARGETS AND MODE OF ACTION

Genetic information is encoded by the nucleotide sequence of chromosomal DNA.
When a gene is to be expressed, it is transcribed from DNA into the corresponding
nucleotide sequence of a mRNA molecule within the nucleus. The processed
mRNA enters the cytoplasm and is translated on ribosomes to the amino acid
sequence of the protein, the half life of mRNA varies from a few minutes to many
hours and is highly regulated. It is the protein which is responsible for producing
the biological effects of the gene.
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Fig.1.2 Schematic diagram showing possible sites of action of
oligodeoxynucleotides.

ODNs are designed to modulate the information transfer from gene to protein (Fig.
1.2), by altering the intermediary metabolism of RNA, each site along this pathway
is a potential site of action for ODNs. The ODN can act by antisense or antigene
strategies, the antisense effect on single stranded mRNA and the antigene effect on
double stranded DNA. The action of ODNSs is only transient (Degols et al., 1994)
and hence require repeated administration to cause a reduction of the target protein.
ODNs can exert their action by several modes of action, structural modifications can

also be used to enhance a specific mode of action.

ODNSs may bind to DNA and prevent either initiation or elongation of transcription
by preventing effective binding of transcription factors. This is done by either
seeking transient single stranded regions of DNA, denaturing double stranded
DNA or interacting with double stranded DNA to form a triple stranded structure
(Moser and Dervan, 1987). The formation of a triplex (reviewed by Sun and
Hélene, 1993) occurs when the ODN recognises the hydrogen bonding donor
receptor sites on the purine reference strand, lying in the major groove of the DNA

double helix. Cooney et al., (1988) have shown that a triple helix can arrest c-myc

20



transcription in vitro. Disadvantages of the triple stranded structure is that binding is
non specific as runs of homopyrimidines are required, as purine rich ODNs form
triple structures most easily. In order to overcome the requirement of purine-
pyrimidine runs, ODNs with linkers which stretch over from one strand of the
duplex to the other can be used. Relatively long triple strand structures are needed
to give sufficient stability to the triplex, addition of intercalators, cross linkers and
alkylators can also be used to enhance the stability of the triple helix e.g. psoralen
(Takasugi et al., 1991); incorporation of EDTA:Fe to a homopyrimidine ODN
resulted in cleavage of the double stranded DNA (Moser and Dervan, 1987). The
advantage of the formation of triple stranded structures is that transcription is the
first step in the intermediary metabolism of RNA and they may therefore provide
substantial leverage for drug therapy.

ODNs can act further along the pathway by binding to pre-mRNA to inhibit further
RNA processing. The excision of introns is a key sequence specific step in the
mRNA metabolism, binding of ODNSs to sequences which need to be spliced,
prevents the binding and subsequent action of spliceosomes and therefore cleavage
and production of mature mRNA does not occur.

Another mode of action of ODNs is the inhibition of translation: by binding to the
translation initiation codon the translational step is prevented. However few studies
have shown ODN:ss to bind to targets for which they were designed. Binding of
ODNs near to the 5' cap site of the mRNA is another possible mode of action, as
ODNs in this region have been shown to inhibit the binding of proteins required to
cap the RNA which cause stability.

Perhaps one of the most important mechanisms of action is the ability of ODNs to
activate Ribonuclease H (RNase H), which is an ubiquitous enzyme that degrades
the RNA strand of an RNA-DNA duplex. The RNA will become inactivated by
rapid and complete degradation regardless of the position of antisense binding
(Dash et al., 1987), as this method is catalytic, one antisense molecule can
inactivate many target molecules. It has been shown that ODN as short as tetramers,
with DNA like properties can activate RNaseH (Donis-Keller, 1979). MP ODNs
do not activate RNaseH, however sequences combining MP and PO linkages retain
RNascH activity (Spiller and Tidd, 1992). The induced degradation of mRNA 1is
the objective of catalytic RBZs (see section 1.4).

ODNs may also act as competitive antagonists, by binding to receptors they prevent
the natural agonist from binding and therefore affect normal biological responses.

21



1.3 STRUCTURAL MODIFICATIONS

1.3.1 Modifications to the Phosphodiester Linkage

There are many structural modifications and combinations possible from the
original phosphodiester linkage (shown in Fig.1.1). In this section only the most
common will be outlined. The modifications are designed to increase nuclease

resistance, target binding specificity and cellular uptake.

Phosphodiesters (PO, where X=0), are polar and water soluble. PO ODNs are

degraded by endo and exonucleases in tissue culture (Wickstrom, 1986), the

dominant nuclease activity in serum is 3' exonuclease. In cells 3'and 5'
exonucleases and endonucleases are present, degradation is more rapid in the
nucleus compared to the cytoplasm. In serum PO ODNS are rapidly degraded, the
rate of degradation depending on the length of the ODN and the serum type.
Human, mouse and rat serum have a similar nuclease activity, with rabbit serum
having the most activity (Eder et al., 1991). A 14 mer PO in 10 % foetal calf serum
(heat inactivated) showed evidence of degradation within 10 minutes.(Akhtar et al.,
1991 b). Typically the half life ranges from 15-60 minutes. Poor uptake and rapid
degradation will limit bioavailability, and as a result chemical modifications with
enhanced stability have been developed.

Phosphorothioates (PS, where X=S), are polar and water soluble. They have

increased stability compared to PO in media, cells, serum, most tissues and urine.
They are stable to the action of most nucleases (Campbell ez al., 1990), with a half
life in the range of 7-19 hours in foetal bovine serum and rat cerebrospinal fluid.
PS ODNGs have decreased affinity for their target sequence compared to PO ODNs
(Ghosh et al., 1993 a). Other potential disadvantages of PS modifications include
the partial susceptibility to nucleases and the problem of non-specific biological
effects (Cazenave et al., 1989). Also, the mononucleotide phosphorothioate
degradation product may be incorporated into genomic DNA, as it is known that
mononucleotide o thiotriphosphates are substrates for DNA polymerase, and could
alter cellular metabolism by influencing the concentration of intracellular
mononucleotide pools. Increasing the chain length and concentration of PS ODNs
inhibits RNaseH activity (Gao et al., 1991) and may decrease their activity.
Combined PO and PS linkages have increased stability compared to PO ODNs and
intermediate target affinity between PO and PS ODNs (Ghosh et al., 1993 a)
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Methylphosphonates (MP, where X= CH,) are non ionic and relatively stable to
nucleases. They are taken up into cells and are non toxic but have poorer
hybridisation properties compared to charged nucleotides (Maher and Dolnick,
1988). Despite poorer hybridisation and inability to activate RNaseH, MP ODNs
have still been shown to inhibit gene expression (Maher and Dolnick, 1988). The
poor water solubility of MP ODNs may limit their therapeutic usefulness (Akhtar et
al., 1991 a). Chimeric ODNs containing alternate MP and PO internucleoside
linkages have increased stability compared to PO ODNs and can activate RNaseH
(Spiller and Tidd, 1992).

Boron derivatives (where X= H,B) are modified at the phosphate linkage or at the

base. They have good general stability and are nuclease resistant, the P-B bond is
more stable to hydrolysis than the P-O bond and they have intermediate electronic
properties between MP and PS ODN (Ramsay-Shaw, 1992 personal
communication). Boron has no lone pairs and therefore has increased
hydrophobicity possibly leading to increased cellular uptake. The properties of
these modified ODNSs as antisense inhibitors has yet to be explored.

Phosphoramidates (X=amine group), the nonionic phosphate analogue is resistant
to nucleolytic attack, however a completely modified analogue, when bound, to its
target is not a substrate for RNaseH. Consequently its antisense activity is reduced
(Maher and Dolnick, 1991). Phosphoramidate modifications increase lipophilicity
and hence cell uptake. The thermal melting temperature (T,) for a duplex between
the partially modified ODN and a complementary unmodified sequence, is
decreased by approximately 1.5°C for every phosphate group modification (Dagle
etal., 1991). A decrease in T, results in a decreased hybridisation affinity.
Phosphoramidates have increased antiviral activity compared to PO ODNs (Agrawal
et al., 1988), possibly as a result of their increased stability.

All mono-substituted analogues at the phosphate linkage, exhibit stereo-isomerism
at each P atom. As a result of a chiral centre, an ODN with n singly modified
internucleotide linkages has a possibility of 2" stereoisomers with variable
biophysical and biochemical properties. The Rp monophosphorothioate isomer
(with the sulphur pointing to the minor groove ) is destabilised compared to the Sp
isomer (Cohen, 1992). The problems created by isomerism can be avoided by the
synthesis of stereo selective isomers, or the use of di-substituted analogues without

a chiral centre.
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Phosphorodithioates are a further phosphorous modification with enhanced
properties (Marshall and Caruthers, 1993). It is achiral, isostructural and isopolar to

the natural PO, more hydrophobic compared to PO and PS and resistant to nuclease
degradation. It can form stable duplexes with unmodified nucleic acids, however
an increased S content results in a reduced T, , reflecting the ability to hybridise,
resulting in lower efficacy and specificity compared to PO and PS (Ghosh et al,,
1993 b). Phosphorodithioates also activate RNaseH and inhibit HIV-1 reverse
transcriptase and viral replication, however they offer few advantages over PS
ODNs (Ghosh et al., 1993 b). They do not appear to bind to cell proteins, but have
potential toxicity due to the dithioate inhibition of host cell polymerase, however
cell culture studies show little toxicity (Marshall and Caruthers, 1993).

1.3.2 Modifications to the Base

o~ ODNSs, the o—anomeric form of the nucleoside (shown in Fig.1.1) has been
found to be more resistant to both exonuclease and endonucleases compared to the
B—anomeric, natural form (Bacon et al., 1988). 0—ODNs5s form parallel rather than
anti-parallel duplexes with RNA or DNA strands. These analogues have increased
affinity for the target RNA, but do not induce RNase H (Gagnor et al., 1987;
Boiziau and Toulmé, 1991).

1.3.3 Modification to the Sugar- Phosphate Backbone

The 2' position of the sugar is also a possible position for modifications to enhance
the nuclease stability, the 2'-O-methyl is highly resistant to nucleases in cells and
serum. A 2-O- allyl modification results in an 8 fold increase in stability compared
to a 2'-O- methyl and 60-fold increase compared to 2'-deoxynucleotides, (Fisher ez
al., 1993). Modifications with bulky groups for example nonyl have only a minor
negative effect on hybridisation, 2'-fluoro derivatives are nearly as sensitive as
unmodified ODNs. Uniformly modified 2'-deoxy -2' fluoro PS ODNs are nuclease
resistant with an increased duplex stability (Kawasaki et al., 1993) The 2" hydroxyl
in RNA results in the sugar assuming a different conformation than in DNA. RNA-
RNA duplexes assume an A-form double helix, whereas DNA-DNA duplexes
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assume a B-form double helix. Therefore it is possible to modify ODNs so they
bind more tightly to RNA or DNA sequences (Crooke, 1993).

Peptide nucleic acids (PNAs) have the sugar-phosphate backbone replaced with
artificial amino acids (Hanvey et al., 1992). The new backbone was designed by
computer modeling to be structurally homomorphous to the deoxyribose phosphate
backbone. Stability of PNA / DNA duplexes are significantly greater than DNA
/DNA duplexes, although PNA7 / DNA triplexes are the most stable (see section
1.2 for triplex formation). Although there is no data on cellular uptake, PNAs are
very stable in biological fluid (review Nielsen et al., 1994).

Circular ODNs are another modification to enhance stability, they are common in

nature, the genomes of bacteria and viruses being circular. Circular ODNs are
highly resistant to degradation in human serum, by lacking target sites for
exonucleases. The circular ODNs bind to single stranded RNA and DNA by
pyr*pur*pyr triplex formation, the circular ODN binds the target on 2 sides,
making the complex much stronger than Watson-Crick complexes. Circular ODNs
display sequence specific selectivities among the highest yet reported for DNA
binding molecules. Mismatched complexes are relatively short-lived, while matched
complexes have half-lives in the order of years (Prakash and Kool, 1991).

Self-Stabilised ODNs are an alternative modification, which incorporate a hairpin

loop structure at the 3' end and have increased nuclease stability, by protecting the
3' end from nuclease attack. The hairpin does not interfere in hybridisation with

complementary nucleic acids (Tang et al., 1993).

No single nuclease resistant ODN analogue has fulfilled all the criteria of an ideal
antisense agent. Improvement in one property often results in a compromise in
another, however the properties of an ODN can be optimised by combining several
structural modifications. Chimeric ODNs with terminal MP and internal PO regions
have many advantageous over either structure alone (Spiller and Tidd, 1992) as do
chimeric PO and PS ODNs (Ghosh et al., 1993 a).
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1.4  RIBOZYMES

A further modification, in both structure and mode of action are ribozymes (RBZs),
where the DNA backbone is replaced with an RNA backbone. RBZs (Fig.1.3) are
catalytic RNA molecules which have the ability to cleave target RNA substrates in a
sequence specific manner in the absence of proteins or enzymes and do not require
an energy source. For reviews see: Cech and Bass, 1988; Symons, 1992 and 1994.
They have enhanced efficacy compared to ODNs (Lange et al., 1994). The
hammerhead RBZ, derived from a self-splicing motif originally discovered in plant
pathogens, is the most widely studied ribozyme to date for therapeutic applications
(for review see: Bratty ef al., 1993). The trans acting form based on the design of
Haseloff and Gerlach (Haseloff and Gerlach, 1988), consists of two antisense base
pairing stems (I and IIT) combined with a central catalytic core of non-base pairing
conserved nucleotides and an internal loop (Stem II) which is responsible for
associating with the divalent metal cation (usually Mg**) required for catalytic
cleavage of the substrate (Tuschl and Eckstein, 1993). Trans acting RBZs behave
like true enzymes in that they have the ability to cleave substrate RNA sequences
without self alteration and can exhibit multiple turnover of substrate RNA

molecules.

A standard numbering system has been agreed for the nucleotides within the
catalytic core of the hammerhead RBZ (Fig.1.3), (Hertel et al., 1992).
Hammerhead RBZs are based around the core sequence of the (+) STRSV
hammerhead, with the other nucleotides determined by the requirements of Watson-
Crick base pairing between the RBZ and substrate RNA, enabling sequence
specific targeting. As a result RBZs can potentially be targeted against any substrate
mRNA provided it contains a specific trio of nucleotides which allow formation of
the correct secondary structure to permit cleavage. Rules are not available for
reliably predicting all cleavable sites in a given mRNA although the base trios;
GUC, CUC, GUA and UUC can generally be cleaved providing incompatible
secondary structures are not formed by the bases on either side (Bratty ef al.,

1993).
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Fig.1.3 General structure of a hammerhead ribozyme and substrate.

Chemical stability is a prime consideration for the exogenous delivery of RBZs.
RNA is quickly destroyed by nucleases present in the serum, and cellular uptake of
free RNA is poor (Kariké et al., 1994). While a mechanism for cellular uptake of
ODNs has been described, nothing has for ribonucleotides (the cellular uptake and
distribution is described in section 1.6).

RBZs, like ODNs, can be synthesised by standard solid phase chemistry (Wincott
et al., 1995), and chemical modifications can be made at the base, sugar or
phosphate backbone to modify stability and cleavage activity. Chemical
modifications to RBZs can enhance nuclease stability, but catalytic activity is often
compromised, as a result the location of the modification is important. Serious
impairment of cleavage activity results when PS linkages were introduced into the
hammerhead RBZs at certain sites. (Buzayan et al., 1990; Ruffner & Uhlenbeck,
1990). PS linkages at the 3 and 5'ends protect from degradation as do inverted
bases or non bases at the 3' end (Usman, 1995 personal communication).

Modifications to the 2' position can enhance nuclease stability, however the T, of
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the RBZ and substrate falls with increasing size of the substituent at the 2' position.
2' fluoro and 2' amino substitutions increase serum nuclease resistance, but
decrease their catalytic activity (Pieken et al, 1991). The pyrimidine 2' hydroxyl
groups are essential for catalysis and can not be modified (Eckstein, 1992 personal
communication). The length of stem II is also important for activity, reduction from
four to two base pairs does not alter activity, but a further reduction results in a
drastic loss in activity (Tuschl and Eckstein, 1993). Chimeric RBZs with DNA
bases in the flanking arms have enhanced nuclease resistance compared to all RNA
RBZs (Taylor et al., 1992; Shimayama et al., 1993). These chimeric RBZs also
display enhanced cleavage activity (Hendry et al., 1992; Taylor et al., 1992).

Studies have shown that the RBZs needs to be in great excess of the substrate in
order to decrease target levels and must remain stable over this period. Unmodified
RBZs complexed with lipofectin enhance cellular uptake and increase stability in
cell medium (Karik6 et al., 1994). Therapeutic applications of RBZs have been
reviewed by Rossi et al. (1992). Even with improved stability repeated
administration remains likely to be necessary for the application of ribozyme
therapeutics. Such repeated administration would be clinically undesirable in many
cases. Therefore the development of a biodegradable delivery system would be
advantageous for the exogenous delivery of both ODNs and RBZs.

1.5 DESIGN OF OLIGODEOXYNUCLEOTIDES

Considerations for the design of antisense molecules for therapeutic application has
been reviewed by Héléne (1991) and Magrath (1994). The success of achieving an
antisense effect is dependent not only on the ODN stability and the delivery system
but also on other factors such as ODN length, sequence and choice of target site.

The sequence length is controlled by the optimum length required to achieve a
selective match with the target sequence, bioavailability and production costs. The
sequence length governs the specificity of the antisense molecule, decreasing the
sequence length results in an increase in the occurrence of complementary sites in
the genome. Selectivity for a target increases with increasing sequence length, a
single base pair substitution can virtually abolish antisense activity (Maltese et al.,
1995). Antiviral activity is both sequence and length dependent (Lisziewicz et al.,
1992), decreasing the chain length from a 28mer to 22mer resulted in a 10 fold loss
of activity (Kinchington et al., 1992). However the advantages of increased length
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are often compromised by a decrease in cellular uptake for longer ODN sequences.
The problem of reduced cellular uptake of longer antisense sequences can be
overcome by ‘tandem targeting’ using 2 short sequences with adjacent target sites
(Maher and Dolnick, 1988). Antisense molecules are usually in the region of 15-18
nucleotides in length.

The selection of the target site is also important, a 15 mer PS antisense to the loop
forming site on the mdr-1 mRNA was more effective and specific in modulating
multi drug resistance than a 15 mer PS antisense to the 5' end coding region
(Thierry et al., 1993). Sequences designed to hybridise to the CAP site (position
where ribosomes access RNA) or the AUG site (initiation site), are thought to be
most effective. However the secondary structure of the target site determines the

accessibility to antisense molecules.

The sequence of the target influences the ODN sequence and certain base
combinations are best avoided to reduce the chance of non antisense effects. ODNs
containing any 6-base palidromes can induce interferon and natural killer activity.
AACGTT are the first six bases of a widely used ODN sequence against ¢c-myc,
which raises the possibility that some reported findings may be a result of artifacts
(Kreig, 1993). Some investigators have reported that PS ODNs containing four
consecutive Gs have non-sequence-specific effects (Kreig, 1993). However,
murine and human sequences against Rel A have 4 and 5 consecutive Gs
respectively, however the human sequence or controls had no effect in reducing
murine tumour cell growth (M°Intyre et al., 1993), indicating that consecutive Gs
alone are not sufficient to reduce tumour cell growth by a non-specific mechanism.
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1.6  CELLULAR UPTAKE AND DISTRIBUTION

The antisense strategy relies on the introduction of short sequences of synthetic
ODN into cells. Zamecknik and Stephenson showed in 1978 that ODNs do enter
cells despite their charged nature, unmodified ODNs as charged molecules do not
passively cross the lipid membrane of the cell wall. The cellular uptake and
distribution of ODNSs has been extensively reviewed by Jaraszewski and Cohen
(1991); Budker et al. (1992); Juliano and Akhtar (1992); Vlassov et al. (1994 a)
The potential mechanisms of cellular uptake of ODNSs are shown diagramatically in
Fig.1.4. The mechanisms of cellular uptake are complex and are not completely
understood. The charge and hydrophobicity of the ODN, which are dependent on
structural modifications, are proportional to the membrane transport and cellular
distribution. Increasing hydrophobicity increases membrane transport and therefore
cellular uptake (Temsamani et al., 1994).
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Fig. 1.4 Schematic diagram of cellular uptake and distribution of
oligodeoxynucleotides
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There are three types of endocytosis shown in Fig.1.4, the first being receptor
mediated endocytosis (RME), where a receptor is necessary for the internalisation
of ODNSs. The second, fluid phase endocytosis (FPE) or pinocytosis, where ODNs
may be internalised with the surrounding media. The third method of endocytosis is
Adsorptive endocytosis (AE) ODNs adsorbed onto the cell surface are internalised
during the normal turnover of the cell membrane. The general efficiency of such

uptake 1s poor.

PO and PS ODNs were thought to enter cells by receptor mediated endocytosis
involving a 80-kDa protein (Yakubov et al., 1989), which is saturable process
(Loke et al., 1989). However other evidence (Stein et al., 1993 a) suggests that the
majority of ODN internalisation is as a result of pinocytosis (fluid phase
endocytosis) and is energy dependent (Gao et al., 1992). PS ODNs bind more
tightly to the cellular membrane, due to increased affinity for cell surface binding
sites (Zhao et al., 1993), although the uptake process occurs more slowly (Loke ez
al., 1989). MP ODN:Ss are uncharged and lipophilic and do not compete with PO
ODNes for uptake, a specific cell surface receptor is not involved (Juliano and
Akhtar, 1992) and they are thought to enter cells by either fluid phase endocytosis
or adsorptive endocytosis (Shoji ez al., 1991). PS ODNs have an increased affinity
for the cell membrane ODN binding sites and can completely block PO ODN
binding (Zhao et al., 1993). Studies on cellular uptake using flow cytometry
(Kreig, 1993 a) have shown, increasing surface binding in the order, MP-PO, PO-,
PS-PO, PS- having the highest binding. ODNs bind to the cell membrane to a
greater extent at acidic conditions (pH 4.0 - 4.5) compared to the binding at neutral
pH. ODN binding at acidic pH may be mediated by a 34kDa protein (Goodarzi et
al., 1991). The degree of ODN internalisation is dependent on the cell type
(Temsamani et al., 1994; Wu-Pong et al., 1994 a) and is reduced in mature cells.
Uptake in keratinocytes does not appear to be dependent on endocytosis (Noonberg
et al., 1993). A further study (Kreig et al., 1991) suggests that uptake of ODNs in
rapidly growing cells (e.g. malignant cells) is more rapid than in normal cells, the
presence of mitogens can also enhance cellular uptake. In vitro experiments have
found the uptake of a PS 28 mer to be greater in cell monolayers than cells grown in
suspension (Gao et al., 1992). Cellular uptake is concentration, temperature and
time dependent (Gao et al., 1992; Stein et al., 1993 a ; Temsamani et al., 1994)
with shorter ODNs being internalised more readily than longer ODNs (Stein ez al.,
1988 a; Boiziau and Toulmé, 1991). The uptake process is thought to be more
efficient at low concentrations (<1jtM), as a larger percentage of the ODN is

adsorbed onto the cell surface and internalised by a more efficient adsorptive



endocytosis process (Yakubov er al., 1989). Once transported across the cell
membrane, all the ODNs are thought to be enclosed in endosomes which are
membrane vesicles. ODNGs are released from these endosomal compartments as
biological effects do occur, efflux from these acidic endosomes is probably by
transient membrane destabilisation, simple leakage during endosome fusion or by
diffusion through the membrane, although the exact mechanism is unknown. Free
cytoplasmic ODNS rapidly diffuse to the nucleus, PO and PS ODNSs colocalise with
concentrated regions of small nuclear proteins while MP ODNSs colocalise with
concentrated regions of genomic DNA (Chin et al., 1990; Leonetti et al., 1991).
Endocytosis may have the disadvantage of long-term isolation of ODNs in
endosomes, reducing their intracellular availability and stability (Cohen, 1992). The
degraded metabolites are exocytosed from the cell (Fisher et al., 1993).

Despite the relatively low in vitro cellular uptake of these molecules, sufficient
cellular uptake must occur, as in vivo studies show that antisense ODNs do exert a
pharmacological effect (see section 1.8). Despite these proposed mechanisms of
cellular uptake, in vivo DNA molecules can enter cells by completely unknown
mechanisms (Zhu et al., 1993).

The access of antisense nucleic acids to their target cells at adequate concentrations
1s a prerequisite for their successful use as therapeutic agents, Therefore new
delivery devices which can improve the uptake of nucleic acids into cells will

represent a major step forward in their clinical application.
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1.7  OLIGODEOXYNUCLEOTIDE DELIVERY STRATEGIES

There are two main approaches to the delivery of antisense molecules to cells, the
first is intracellular expression of an antisense gene, where a DNA sequence is
inserted into the cell genome, from which the antisense molecule is permanently
transcribed. The second approach is exogenous delivery, where the antisense
molecule is treated as a drug for administration. It is this second delivery approach
which is the main subject of interest in this thesis. Strategies for the delivery of
ODNs are equally relevant for the delivery of RBZs. New approaches for the
targeting of ODNss have been reviewed by Kabanov and Alakhov (1994).

The potential of ODNs will remain unfulfilled without the parallel development of
new drug delivery technologies which allow controlled and site directed delivery.
The large molecular weights, relative instability in biological milieu, rapid
elimination and charged nature of many nucleic acid derivatives pose a major
challenge to the delivery of nucleic acids to their sites of action. Exogenous delivery
systems which can protect nucleic acids from digestion and simultaneously provide
sustained delivery over extended time periods may be useful for the
biopharmaceutical application of nucleic acids. Localised delivery by use of
implants counteracts the loss of drug' to non target areas of the body, the
biodegradable nature of the device eliminates the need to remove the delivery
device, although problems may arise if cessation of treatment is necessary. Further
structural modifications have been made to ODNSs to enhance transport into cells.
Without specific delivery strategies adequate intracellular concentrations may only
be reached after administration of potentially toxic levels of ODNs.

In an attempt to characterise the different strategies for ODN delivery, there is some

overlap as some of the methods are not mutually exclusive.

1.7.1 Increasing Hydrophobicity of the Oligodeoxynucleotide

Attachment of hydrophobic compounds such as cholesterol (Boutorine et al.,

1992), alkyl chains (Kabanov et al., 1990), lipids (Shea et al., 1990) or polycations
(Leonetti et al., 1990) to ODNs increases the hydrophobic nature of the ODNG.
Increased adsorption to the cell membrane has been shown Lo increase cellular
uptake (Temsamani et al., 1994). The attachment is usually by means of
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biodegradable linkers, containing disulphide or ester bonds, which enables the
ODN to be released from the conjugate.

Conjugation of ODNs with a 5' cholesterol moiety (chol-ODN), which binds to
low density lipoprotein has substantially increased cellular uptake, locating
predominately in the nucleus (Kreig, 1993 b). However the addition of cholesterol
will dramatically reduce the Ty, of the molecule and so alter its hybridisation ability.
The addition of porphyrin (an organic compound consisting of 4 pyrrole rings
linked by CH bridges with a heavy metal in the centre) to the terminal phosphate of
a 17 mer caused a 6 fold increase in uptake in T24 cells, while a 30-100 fold
increase in cell binding was achieved by the addition of cholesterol to the ODN
(Boutorine et al., 1992).

Polycation (polylysine L-lysine, PLL) conjugation with ODNs has resulted in a
higher resistance to exonucleases and increased ODN penetration into cells
(Verspieren et al., 1987; Leonetti et al., 1990; Degols et al., 1994). Some cell lines
do not take up PLL conjugates for unknown reasons, cytotoxicity can limit the
usefulness of PLL. Conjugates are often administered with heparin (a sulphated
polyanion, with antiviral properties against HIV-1), heparin interferes with early
steps of HIV multiplication cycle, preventing virus adsorption onto the cell
membrane, and therefore decreasing the initial virus load. Secondly it decreases
PLL toxicity and also modifies the release of conjugated material without altering
sequence specificity (Degols et al., 1994). This delivery modification is therefore
especially useful for the delivery of ODNs used against HIV. PLL itself does not
enable cell targeting and conjugates with antibodies or transferrin have been used.
Conjugation with asialoglycoprotein-polylysine carriers enhances cellular delivery
and protects from degradation (Chiou et al., 1994). The presence of polycations
condenses DNA, which facilitates cellular delivery.

Lipofectin, a cationic lipid mixture can significantly increase the uptake and activity
of phosphorothioate ODNs in several cell lines and also alters the intracellular
distribution of these nucleotides. Cellular delivery of PO ODNSs increased 25 fold
when administered with a cationic lipid (DOTAP), and protects the ODN from

degradation in human serum (Capciccioli et al., 1993).
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1.7.2 Receptor Mediated Delivery

Another option for the enhanced cellular delivery of ODNs is conjugation with a
compound which has a specific cellular receptor e.g. transferrin and mannose.
Receptor-specific macromolecular carriers are good candidates to target ODNs to
selected cells and increase their intracellular delivery. Site specific delivery
decreases adverse effects associated with with non specific drug delivery. The
rational of this approach has been well established, however there have been few

sucessful in vivo studies

Transferrin receptors are abundantly expressed on the surface of many cell lines and
therefore provide a simple mechanism to deliver ODNG to cells. The transferrin
receptor efficiently transports iron bearing transferrin molecules into cells by RME.
An ODN/transferrin-polylysine complex showed greater biological effect than
unmodified ODNSs, or polylysine ODNs (Citro et al., 1992). The presence of
polycations condenses the DNA structure, facilitating endocytosis, enabling RME
as a result of the transferrin group (Wagner et al., 1991). Walker et al. (1995),
report improved cellular delivery of ODNSs using a transferrin receptor antibody
ODN conjugate, the conjugate being internalised 3 fold greater than unmodified
ODNs. However the abundance of transferrin receptors in the body prevents cell
specific targeting of the ODNs. The ideal situation would be to take advantage of
receptors unique to the target site, thereby concentrating the distribution of the ODN
to a specific site in the body.

Mannose specific lectins on the surface of macrophages mediate the cell uptake of
mannose and fucose terminated glycoproteins (Stahl ez al., 1978). As a result
conjugation of ODNs with mannose has been investigated as a method to improve
delivery to macrophages. An ODN conjugated with streptavadin substituted with
mannose residues increased the intracellular delivery of the ODN 20 fold compared
to the non mannose conjugated ODN (Bonlfils et al., 1992 a). The protein
incorporates 12 mannose residues and is attached to the ODN via a biodegradable
biotin linker. The mannose conjugates are associated with endosomes (Bonfils et
al., 1992 b). The synthesis of a monomannoside phosphoramidite linked to the 5'
end of an ODN sequence, has shown a 2 to 4 fold increase in uptake compared to
unconjugated ODNs (Akhtar et al., 1995). Increasing the number of mannose
residues should enable an increased cellular delivery, however it is important that

the ODN can be released from the conjugate in order to exert its biological effect.
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1.7.3 Membrane Carriers

An alternative approach to cellular delivery of ODNs is the use of carriers. The
carriers can deliver ODNs to cells irrespective of the ODNs natural ability to interact
with the cell membrane and enter cells. Another main advantage for the use of
carriers for ODN delivery, is that the centrai core of the carrier is protected from the
action of enzymes and therefore offers stability to the entrapped ODN. Such
membrane carriers include viral envelopes, liposomes and microspheres. The main
disadvantage of membrane carriers is that they are naturally targeted to the
reticuloendothelium sysyem organs, locating mainly in the liver and spleen.

1.7.3.1 Viral Envelopes

Another method to enhance cellular delivery is by conjugation of an ODN with a
fusiogenic peptide by means of a disulfide bond, enabling a 5-10 fold improvement
in potency (Bongartz et al., 1994). The peptide changes conformation in acidic pH
and destabilises the endosomal membranes, resulting in increased cytoplasmic
delivery. The peptide used was an influenza hemaglutinin envelope protein, as
enveloped viruses have efficient transfer of their genome from endosomes into
cytoplasm of the host cell.

1.7.3.2 Liposomes

To date liposome encapsulation is the most popular vehicle for delivering DNA and
RNA to target cells (review Juliano and Akhtar, 1992; Clarenc et al., 1993).
Liposomes are microscopically small spheres of phospholipid bilayers which can
encapsulate nucleic acids within the aqueous centre or form lipid nucleic acid
complexes which protect DNA and RNA from nuclease attack. Traditional liposome
preparation methods can not be used with ODNG as sonication of the lipid/ODN
suspension results in degradation of the ODN (Bym et al., 1991). An unmodified
15mer encapsulted in liposomes was stable for up to 7 days when incubated in 10%
serum containing media compared to free ODN which rapidly degraded in 30
minutes (Thierry and Dritschilo, 1993). Liposomes are classified into subtypes,
depending on morphology (e.g. MLV, FATMLYV, SLV) and lipid used (cationic or
nonionic, cationic lipids do not encapsulate nucleic acids but form complexes with
them, based on the negative charged phosphate groups of the nucleic acid and the
positively charged lipid). Cationic liposomes improve ODN stability and
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intracellular delivery (Lappalainen et al., 1994 b), fusion with the cell membrane
and the ODN is released into the cytoplasm. Unfortunately at high concentrations
(40uM) cationic lipid are toxic. The enhanced uptake depends on the cell type used,
a 4 fold increase was seen in SKVLB cells and an 18 fold increase in MOLT-3 cells
compared to free ODN (Thierry and Dritschilo, 1993). Wang et al., (1995) report
that the use of folate-PEG-liposomes increase cellular uptake nine fold compared to
non targeted liposomes and a sixteen fold increase compared to an unencapsulated
15 mer (PS or PO).

Encapsulation efficiency in neutral uncharged liposomes is generally low, with MP
having the greatest entrappment efficiency (25-30%) in FATMLYV (Akhtar et al.,
1991 a) as a result of their increased hydrophobicity compared to PO and PS
ODN:s. Release of PS from neutral FATMLYV is relatively slow with 50% released
over a 6-9 day period (Akhtar and Juliano, 1992). pH sensitive liposomes promote
efflux from the endosomes into the cytoplasm, as protonation causes destabilisation

of the membrane.

Immunoliposomes have been reviewed by Mori and Huang, (1995), incorporation
of monoclonal antibodies coupled to the vesicles enables targeting to a specific cell
population, reducing the need to chemically modify the ODN. The antibody (Ab)
conjugate with cationic liposomes form a ternary electrostatic complex, addition of
liposomes enhances the transfection efficiency of Ab-PLL/DNA by 10-20 fold in
mouse lung endothelial cells in culture (Trubetskoy ez al., 1992).

1.7.3.3 Microparticles

The use of nano and microparticles as delivery devices has been extensively
reviewed by Watts et al.(1990), Arshady (1991) and Couvreur and Puisieux
(1993). Microparticles are ideally in the range of 1-125um and include
microcapsules and microspheres. Microcapsules are vesicular systems, where the
drug is confined to a central cavity surrounded by a polymeric membrane.
Microspheres can be defined as microporous matrix systems, where the drug is
distributed uniformly within the polymer matrix. Nanoparticles are submicronic
polymeric systems. The formation of these different sized polymeric systems is
dependent on the fabrication process. They can be fabricated from various

materials, e.g. polyesters, albumin, gelatin, cellulose.
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Microsphere delivery systems have the ability to enhance the pharmacokinetic
profile of nucleic acids and in some cases enhance transport across biological
barriers. The nature of the device can also offer stability against degradation (o the
entrapped drugs (Cohen et al., 1991). Particulates of biodegradable polymers
provide a diffusion barrier with a predictable release pattern, allowin g the polymer
to be adsorbed harmlessly after drug release. Microspheres have an advantage over
other delivery devices, due to their wide range of possible routes of administration,
they are easily administered by a single injection, whereas other controlled release
delivery forms larger in size require surgical incision. However their potential for
erratic release and dose dumping must also be considered. Their applications in
biodegradable delivery devices has been reviewed by Conti et al., (1992); Brannon-
Peppas (1995). Intrathecal and intraperitoneal administration of bupivacaine loaded
PLA and PLGA microspheres has illustrated controlled drug release {Le Corre et
al., 1994).

The efficiency of the mononulcear phagocyte system is so great that, that targetin g
of particulates to tissues is virtually impossible. After intravenous administration of
*C PLA nanospheres, the majority of the radioactivity is found in the liver, spleen,
bone marrow, lymph nodes and lungs, where a high density of macrophages are
present (Bazile et al., 1992). Coating of microspheres with poloxamine (propylene
oxide/ethylene oxide) decreases the localisation in the liver and extends the
circulation time, resulting in increased uptake of the spheres in the bone marroe and
the spleen. The thickness of the hydrophilic coating is inportant in avoiding uptake
by the liver (Illum et al., 1987; Davies et al., 1993). Gref et al. (1994) report that
attaching PEG to PLGA in a one step procedure increases the circulation time.
Coating the microspheres with albumin (a hydrophilic protein) decreases their
capture by macrophages, as the surface becomes less hydrophobic (Tabata et al.,
1989), however the effect is difficult to interpret as the spheres have already been
stabilised by emulsifiers used in their manufacture. Le Ray et al. (1994) report that
C PLGA nanospheres with a high residual PVA surfactant concentration (50%)
have a high uptake by RES organs. Intestinal uptake of nanospheres is poor after
oral administration, however uptake can be increased by co-administration with
concentrated milk (Le Ray et al., 1994).

Polymeric carriers have been reported for the delivery of ODNs (Chavany et al.,
1992), the polymeric nature of these nanospheres makes them more stable than
liposomes in biological fluids. The ODN is adsorbed onto the surface of preformed
polycyanoacrylic nanoparticles by ion pairs between the ODN and hydrophobic
cations (e.g. tetraphenylphosphonium salts, TPP ) that bind to the polymer surface.
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Increasing the ODN chain length increases the adsorption efficiency, although
presumably this can be saturated. The ODN is resistant to degradation by 3'
exonucleases for 15 minutes at 37°C. The toxicity of the quarteneray ammonium
salts limits the dose of spheres which can be given. The release of the surface
bound ODN is dependent on the degradation of the polyalkylcyanoacrylate
polymer, which in turn is dependent on the esterase content of the release media
(Grangier et al., 1991). However the formation of formaldehyde on degradation of
the polymer creates toxicity concerns (Cigek et al., 1994), this combined with the
dose limiting toxicity of the quartenary ammonium ions limits the therapeutic utility
of this delivery system. Gelatin microspheres (Cortesi et al., 1994) have also been
used to encapsulate ODN, but the release rate of the ODN from the spheres is very
rapid, with 60% released within 120 hours incubation in vitro. Both Gelatin and
polyalkylcyanoacrylate are enzymatically degradable, therefore degradation will
vary at different sites in vivo due to varying enzyme levels. Therefore there is a
need to formulate a device for the delivery of ODNs which is non toxic, can protect

the ODNs from degradation and can provide sustained release.



1.8 IN VIVO PHARMACOKINETICS

ODNs are relatively non toxic, they do not generally exhibit toxicity at doses which

are effective for the down regulation of gene expression.

Pharmacokinetic studies to date (Agrawal et al., 1992; Goodchild et al., 1991;
Iverson, 1991; Cossum et al., 1993; Yakubov et al., 1993;) have concentrated on
PS and PO and MP ODN:s, different behavior can be expected from heavily
modified ODNSs. Preliminary toxicological studies have shown that a dose of 100
mg kg1 body weight of PS for 14 days is non toxic in mice (Agrawal et. al.,
1992). Concentrations up to 100uM of ISIS 1082 (a PS 21 mer) had no effect on
cell viability (Crooke et al., 1992). Cellular uptake and interactions with cell surface
and blood proteins affect their biodistribution. PS ODNs have a biphasic plasma
elimination with an initial half life of 15 to 25 minutes, which represents
distribution out of the plasma compartment, a second half life of 20-40 hours
represents elimination from the body. Repeated daily injections of a 27 mer PS
ODN reaches a steady state concentration in 6-9 days (Iverson, 1991).

After intravenous administration PO rapidly distribute to most organs in mice, high
concentrations are seen in the liver, spleen, kidneys and muscle, with the brain
being the least accessible site for distribution. Approximately 50% of the dose
(partially degraded) is excreted by the kidneys in 24 hours. The ODNs reach the
bloodstream 30 minutes after intraperitoneal injection and have a similar
distribution to intravenous administration, distribution is considerably slower after
subcutaneous administration. Intranasal and oral administration provide 5-20%
delivery efficiency compared to intraperitoneal, with vaginal and rectal delivery 5-
10 times less efficient than the oral route, topical delivery was the least efficient.
Topical delivery may have a use in the treatment of topical disease states e.g.
Herpes, psoriasis and melanomas, delivery can be improved by the use of
penetration enhancers and iontophoresis. Transport is probably by transcytosis
through the mucosa cells (Vlassov et al., 1993), an increase in ODN length
decreases the rate of penetration (Nolen et al., 1994), with MP ODNs having the
highest rate of percutaneous penetration. Degradation of the ODN was greatest
following intraperitoneal administration, due to the increased activity of
macrophages in the peritoneum and nucleases present, nucleases in the intestines
also degrade ODN before they reach the blood stream.
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Association of ODN with lipoproteins in vivo prolongs plasma half-life and
modifies tissue distribution (de Smidt et al., 1991), plasma half life of cholesterol
linked ODN:s is increased compared to control PO ODNs due interaction with
plasma lipoproteins. Delivery of ODNs with cationic lipid (DOTMA, N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethyl ammonium chloride) does not appear to alter
the tissue distribution in normal mice (Saijo et al., 1994).

After intraventricular administration ODNs were resistant to degradation in the CNS
and were cleared by bulk flow (Whitesell et al., 1993). Continuous infusion of a
PS ODN at 1.5nmol/hour over a 7 day period resulted in no obvious neurological

or systemic toxicity.

Following initial pharmacokinetic studies, in vivo antisense experiments were
performed. Table 1.1 gives some examples of successful in vivo antisense therapy.
Caution must be applied when interpreting the results from in vitro and in vivo use
of antisense ODNs (Stein and Kreig, 1994), due to the lack of controls to eliminate
non specific effects of PS ODNs, the polyanionic nature of ODNs and the presence
of G quartets. Studies suggest that PS ODN have non specific effects (Cazenave et
al., 1989) Three antisense ODNSs against rev, gag and pol mRNA failed to suppress
HIV-1 replication in long term culture, however they were effective in acute
infection probably as a result of non antisense effects preventing HIV entry into the
cells (Kinchington et al., 1992). Purity of the ODNSs is also significant as the
presence of trityl ammonium ions (due to the removal of the trityl group during
synthesis) can also cause toxicity. Another non specific effect following the rapid
infusion of PS 20-33mer is transient decrease in white blood cell and neutrophil
counts, haemoconcentration and a brief increase followed by a prolonged decrease
in arterial blood pressure. These non specific effects were reported by Galbraith et
al., (1994) after GEM 91 (a 25mer PS ODN complementary o the gag site of HIV)
infusion in monkeys, and are possibly mediated by activation of C5 complement,
the adverse effects can be avoided by using a slow infusion. The time of ODN
treatment is also important for analysis of these results as often the initiation of
ODN treatment is prior to or coincides with the injection of tumour cells, which is
not a situation likely to occur in a clinical environment ! All the above factors need

to be considered when assessing the true degree of an antisense effect.
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TARGET ANIMAL ODN TYPE | DELIVERY COMMENTS
GENE MODEL AND METHOD
LENGTH
N-myc neuroeoithe- PO S.C. osmotic 50% reduction in
Whitesell et al., | lioma S.C. 15mer pump tumour mass after
(1991) xenografts grown 14 days
in athymic mice
pS3 Rhesus PS 50-150mg/kg remission from
Bayever et al., monkey 20mer acute myeloid
1992 leukaemia
C-myb K562 human PS infusion pump Antisense treated
Ratajczak et al. | leukemia cells in 24mer 100ug/day for 7 | animals survived
(1992) mice or 14 days 3.5 dumes longer
treatment than control
commenced 4 animals
weeks after cell
transplantation
c-myc Eu c-myc MP 300nmoles as significant
Wickstrom et transgenic mice 15mer single 1.V. reduction in c-
al., (1992) injection myc protein
levels in
lymphocytes of
antisense treated
mice
NK-xB K-BALB PS 2.8mg over 14 tumour regression
Higgins et al., (fibrosarcoma) and | 24mer days by osmotic | in 1-2 weeks
(1993) B-16 (melanoma) pump and 1.4mg
murine tumour S.C. twice
cells in nude mice weekly for 2
weeks
neuropeptide rats PO 50-100pg twice | reduced receptors
Y Y, receptor 18mer daily for 2-3 days
Wahlestedt et
al., (1993)
c-Ha-Ras NIH-3T3 cells PO 50uM added to pretreatment
Gray et al., transformed by the | 15mer cells for 3 days reduced ras p21
(1993) activated c-Ha-ras prior to injection | cellular levels by
oncogene from of cells into 90% for up to 14
T24 human bladder mice days
cancer cells

Table 1.1 Examples of successful in vivo antisense therapy.

The use of repeated administration, infusion pumps and the need for slow infusion

rates further confirms the need for the development of a sustained delivery device

for ODNSs.
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1.9  OLIGODEOXYNUCLEOTIDE CLINICAL TRIALS

Clinical trials with ODNs have already begun and are showing promising results,
despite the problems of stability and cellular delivery already discussed.

ISIS-2302 an antisense ODN against mRNA of ICAM-1 is currently in Phase I
trials to asses its potential for the treatment of inflammatory diseases. In phase II
trials is a 20 mer PS (ISIS-2105) complementary to the mRNA sequence for the
translational initiation codon of the E2 protein, which regulates viral transcription.
Img /lesion has been administered intralesionally to genital warts caused by human
papilloma virus type 2 (HPV-2). Peak plasma concentrations were achieved within
1 hour and levels remained above the minimum inhibitory concentration for 72
hours. As a result a twice weekly topical application is being developed. ISIS-2922
complementary to the immediate-early transcriptional unit of human Cytomegalo
virus (CMV) mRNA, is currently in Phase III clinical trials for the treatment of
cytomegalovirus retinitis. Immediate and delayed treatment are being compared, as
well as combined therapy with ganciclovir (Henahan, 1995).

A PS antisense c-myb has been used in chronic myelogenous leukaemia with
encouraging results when used as a bone marrow purging agent. A 20 mer PS
complementary to p53 mRNA (a tumour supressor gene) is in Phase I trials in
patients with relapsed acute mylelogenous leukaemia, 17 patients received a 10 day
continuous IV infusion of ODN at 0.05-0.25 mg/kg/hour, bone marrow samples
were collected one day before treatment began and after 7 days of therapy.
Increasing dose lead to greater changes in cellularity, with no toxic effects observed
(Short, 1995).

Gem-91 (Hybridon Inc.) a PS 25mer ODN complementary to the AUG site of the
gag region of the HIV-1 genome is the first antisense therapeutic agent for AIDS. It
is in clinical trials in both France and the United States, following successful in
vitro inhibition of HIV-1 replication in macrophages (Agrawal, 1995 personal

communication).
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1.10 POLYMERS

Biodegradable polymers have been studied with great interest over the last twenty
years for use as carriers in drug delivery and have been extensively reviewed by
Langer and Peppas, 1981; Holland et al., 1986; Duncan, 1992; Floy et al., 1993;
Heller, 1993; Hayashi, 1994. Polymers can be used to optimise the rate of drug
release and provide constant plasma concentrations, as well as being used to target a
drug to a specific site of action. Nucleic acids are biologically labile and therefore
must be effectively protected at the depot site if the active drug is to be continually
released. Polymers employed as controlled release delivery devices should be
biodegradable, non toxic and give predictable release kinetics. Following drug
release, the empty device remains at the site of administration where it is completely
degraded to inert, biocompatible degradation products. The desired properties of the
polymer can be obtained by altering the molecular weight, copolymer ratio,

crystallinity or the addition of excipients e.g. plasticisers.

Many polymers have been evaluated for their use as biomedical devices (e.g.
polylactic acid, polyhydroxybutyrate, polyanhydrides, polyorthoesters, poly alkyl
cyanoacrylates). However only polylactic acid and polyhydroxybutyrate with their

copolymers will be discussed in this section.

1.10.1 Poly(lactic Acid) and Poly(glycolic Acid)

The long history of use of poly lactic acid and its copolymer with glycolic acid has
demonstrated their biocompatability and degradation to toxicologically acceptable
products. The polymer is commercially available in a variety of copolymer ratios
and molecular weight. There is great interest for their use in the development of
controlled release polypeptide (Sanders et al., 1984) and vaccine (O’Hagan et al.,
1994 a) preparations. The polymer system has FDA approval and is in commercial
use in several products. The first controlled-release peptide microcapsule
formulation to become available on the market was Decapeptyl (triptorelin, Ipsen-
Beafour) used in the treatment of testosterone dependent prostate cancer, using a
54,000 molecular weight PLGA at a 50:50 LA:GA ratio. Other microsphere
preparations using similar polymer matrices include Lupron Depot - (leuprorelin,
Takeda-Abbott) PLGA ratio 75:25; Somatuline (lanreotide, Ipsen-Beafour);
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Fig.1.5 Structure of polylactide co-glycolide, PLGA.
(LA = lactic acid, GA = glycolic acid)
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Fig.1.6 Degradation of lactic and glycolic acid in living systems. Adapted from
Literature Catalogue BI 26, Alpha Chemicals.



Parlodel LA and Parlodel LAR 50:50 (bromocriptine, Sandoz). Non rhicrosphere
PLGA preparations include Zoladex (goserelin, Zeneca) a cylindrical polymer depot
releasing over a 1 or 3 month period and Suprefact 75:25 (buserilin, Hoescht)

which releases over a 3 month period.

Polylactic acid (PLA) is an aliphatic polyester, due to the presence of a chiral center
there are three forms, those deriving from D(-), L(+) and the racemic D,L forms of
the parent acid, the L(+) form is metabolised by the body and is more commonly
used than the D(-) form, The chirality of the starting monomer leads to
stereoregularity in the polymer, resulting in a high degree of crystallinity. PLA can
form a copolymer with glycolic acid, PLGA (Fig.1.5). Polymers based on lactic
and glycolic acid are thermoplastic crystalline polyesters formed by ring opening
polymerisation catalysed by ZnO, of lactide, glycolide or mixtures of these
compounds. Low molecular weight (< 3000) polymers are produced by direct
condensation of lactic acid. Poly L-lactide is highly crystalline (80%) and poly D,L-
lactide is amorphous. They are insoluble in water, ethanol and methanol and soluble
in organic solvents such as methylene chloride, carbon tetrachloride, chloroform,
acetone , dioxane and ethyl acetate. It is a non toxic biodegradable polymer, the
degradation cycle is shown in fig.1.6.

The kinetics of hydrolysis are strongly influenced by molecular weight, presence of
residual monomers, pH, temperature, particle size and distribution, surface
structure, crystallinity and presence of impurities or additives. PLGA polymers
degrade by random bulk hydrolysis of the ester bonds in the polymer chain in an
aqueous environment. Degradation produces lactic and glycolic acid monomers and
carboxylic acids which along with impurities and humidity catalyse the rate of
degradation. The degradation products are finally metabolised to carbon dioxide and
water and excreted via the kidneys. Degradation of the polymers is biphasic; firstly
a decrease in molecular weight of the polymer occurs due to random chain scission,
which is accompanied by water uptake. The enhanced water uptake increases
porosity and soluble monomeric and oligomeric products can be detected, these
degradation products leave the bulk polymer through channels and holes resulting
in weight loss of the polymer (Hutchinson et al., 1985). Degradation times are
listed in Table 1.2. The monomers degrade more slowly than the copolymer, the
increased rate of degradation is as a result of lower copolymer crystallinity,
allowing greater absorption of water into the polymer and hence faster degradation
(Gilding and Reed, 1979; Holland et al., 1986). The rate of hydrolysis of the

copolymer increases with increasing glycolide content and reaches a maximum
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POLYMER TIME FOR COMPLETE HYDROLYSIS
in vitro pH 9

poly L-lactide months

molecular weight > 20 000

polyglycolide months

molecular weight > 20 000

poly DL-lactide weeks

molecular weight > 20 000

copolymers depends monomer ratio

poly L-lactide few weeks

molecular weight > 2 000

polyglycolide few days

molecular weight > 2 000

Table 1.2 Comparison of degradation of different resorbable polyesters. Adapted
from Literature catalogue No BI 26, Alpha Chemicals.

when the lactide glycolide ratio reaches 50:50 (Miller ez al., 1977). Glycolic acid is
formed at an initially higher rate than lactic acid, the methyl group on lactic acid
makes it more hydrophobic compared to glycolic acid (Fig.1.5) and causes steric
hindrance to attack by water molecules, thereby explaining the increased rate of
degradation of copolymers. With increasing degradation time the release of lactic
acid predominates (Wang er al., 1990). Increasing the molecular weight of the
polymer decreases the rate of degradation (Sanders et al., 1986). The PLGA 50:50
copolymer microspheres degrades more rapidly than the 75:25 copolymer
(O’Hagan et al., 1994). A PLGA copolymer implant varying in PLA composition
from 50 to 100% would have an in vivo half life in the range of 1week to 6months
(Miller et al., 1977). Initially degradation is faster at the polymer surface (Vert et al,
1994), after the ﬁrst day further hydration of the microsphere occurs and
degradation is fastest at the centre. Intermediate degradation products have a small
diffusion coefficient and can be removed from the surface, but not the central core,
as a result the central region is more acidic compared to the outside, as ions in the
media can decrease the relative acidity at the surface. The acidity of the matrix core
catalyses the polymer degradation. Once the central degradation products are small
enough, they diffuse out creating a hollow shell, as degradation at the central region
occurs more quickly than the outer surface can erode. As degradation occurs both
internally and externally, this is an important problem in the delivery of nucleic
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acids, as interaction with the biological milieu causes degradation. Polymer
degradation is accelerated in both strongly alkaline and acidic media (Makino et al.,
1985, Chu, 1981, 1982). Increasing the ionic strength of the media also increases
the rate of degradation (Makino et al., 1986 b). The presence of tissue lipids can
also increase the rate of degradation of the polymer by acting as plasticisers (Menei
et al., 1994 a). Adsorption of plasma proteins onto the surface of PLA
microspheres increases the solubility and hence the rate of degradation of the
polymer (Makino et al., 1987).

The biphasic degradation process typically results in a triphasic release of entrapped
compounds from the matrix (Sanders et al., 1984; Ogawa et al., 1988). Similar
degradation and release occurs in vivo and in vitro, with in vitro degradation being
slightly faster (Pitt ef al., 1981; Sanders et al., 1986; Fournier et al., 1991),
penetration of the delivery system by macrophages may alter the biodegradation.
Formation of a collagenous capsule around the implant will reduce the rate of
release in vivo. The presence of enzymes does not effect the in vivo degradation of
the polymer device (Pitt ez al., 1981), but enzymes are known to have a role in the
degradation of primary hydrolysis products (Salthouse et al., 1976). In vitro
experiments to investigate the role of enzymes on polymer degradation have shown
that carboxylic esterases (Makino et al., 1985) accelerate molecular weight loss,
enzymatic degradation is predominately at the surface in amorphous domains
(Reeve et al., 1994).

In vivo degradation studies show that implanted injection molded rods initially
transparent with a homogenous surface, become friable and broke into whitish
brown fragments with a porous surface. Mechanical stability decreased by half in 3
weeks in vivo (Pistner et al., 1994 a & b). The rate of degradation is independent
of PLGA microsphere size in the size 30-130pm (Visscher et al., 1988), however
Mehta er al. (1994) report that increasing the particle size from 100-200pm
decreased the onset of mass loss. PLGA 75:25 microspheres of molecular weight
14,000 had disappeared from a subcutaneous injection site 28 days post

administration (Ogawa et al., 1989).
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1.10.2 Poly (B- Hydroxybutyrate), (PHB) and copolymer with
poly(hydroxyvalertac), P(HB-HV)

The uses of PHB for biodegradable delivery devices have been reviewed by Miiller
and Seebach, (1993); Koosha et al., (1989); Akhtar and Pouton, (1989). PHB, is
a naturally occurring, optically active crystalline aliphatic polyester, produced from
various strains of micro organisms e.g. Alcaligenes eutrophus which is a gram
negative rod. It serves as a carbon and energy source and is found to be abundant in
nature. Biosynthesis of PHB in batch-fed cultures of methylobacterium yield 70-
80% of dry cell weight. Increasing the amount of methanol in the culture increases
the amount of PHB produced, but this results in a wide range of molecular weights
produced. Research is being carried out by plant scientists to engineer a variety of
oil seed rape that can produce PHB and so simplify the isolation procedure. The
main advantage of PHB and its copolymers is that production from a living
organism results in high purity, in contrast to synthetic polymers e.g. polylactide
co-glycolide polymers which contain inorganic catalyst residues even after
extensive purification. High purity is essential when aiming to achieve a non toxic
product.

PHB is a highly crystalline thermoplastic with a melting point range of 160-175°C.
The copolymer with hydroxyvalerate (Fig.1.6) is also microcrystalline with a
slightly lower melting point. Density of wide angle X-ray scattering measurements
have shown that the copolymer is less crystalline than the homopolymer. The
copolymer is tougher, less brittle and more pliable than the homopolymer, with a
typical crystallinity of 80%, a glass transition temperature of 0°C and a low density
of 1.2252g / cm3 (due to the presence of internal voiding, Owen, 1992 ). It can be
precipitated from solution to give thin lamellar crystals. The high degree of
crystallinity of PHB homopolymer is a disadvantage which limits fabrication.
Modification of the crystallinity can be achieved by incorporating up to 50 mol % B
- hydroxyvalerate (fig.1.7).
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HB HV

Fig.1.7 Structure of poly(hydroxybutyrate co-valerate), P(HB-HV)

In vitro degradation of P(HB-HV) polymers is by a surface erosion mechanism,
producing the monomeric acid 3-hydroxybutyric acid which is a normal constituent
of blood. Molecular weight analysis of the degraded polymer samples confirms the
theory of surface erosion, the molecular weight of PHB remained unchanged, with
no mass loss during a 6 month in vitro hydrolisis study (Gilding, 1981). PHB is
sensitive to microbial degradation but biodegradation is slow under physiological
conditions of 37°C and pH 7.4 and has a suggested half life of 152 weeks, the
water uptake of these polymers is too low to be measured precisely. The
degradation of the copolymer is slightly more rapid than the homopolymer,
although this relationship is not linear. Holland ez al. (1987) studied the rate of
degradation and found it to be dependent on copolymer composition, molecular
weight, pH and temperature of media and presence of plasma. Maximum
degradation was found to occur by increasing pH from 2.3 to 10.6 and temperature
from 37 to 70°C. Increasing the number of hydroxyvalerate units results in a faster
rate of degradation although this is not linear. Lower molecular weight polymers
degrade faster than higher molecular weights and amorphous regions degrade faster
than crystalline regions, in vivo PHB exists in an amorphous state (de Koning,
1992 a). As a result PHB has along retention time in the body. In vivo degradation
is faster than in vifro due to the presence of enzymes. The rate of degradation of the
polymer can be increased by the addition of excipients. Incorporation of bases
increases the rate of degradation, which is dependent on the basicity and degree of
loading. The rate of hydrolysis depends on the water solubility and the
polymer:water partiion of the incorporated basc (Yoshioka er al., 1991).
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Polysaccharides e.g. amylose, dextran and sodium alginate increase the rate of
conventional degradation by increasing the internal porosity due to polysaccharide
erosion from the matrix, resulting in the eventual collapse of the matrix (Yasin ez
al., 1989,1990). Blending with a plasticiser ¢.g. ethylene vinyl acetate (EVA)
decreases the crystallinity of P(HB-HV) (Gassner and Owen, 1992), however EVA
is nonerodible matrix. Blending with polycaprolactone (PCL) has the advantage that
it is biodegradable (Yasin and Tighe, 1992).

Degradation by surface erosion enables predictable drug release kinetics, as there is
little change in molecular weight with mass loss. The release rate of an incorporated
drug in a polymer which undergoes surface erosion is proportional to the surface
area of the delivery device. Surface eroding polymers protect the remaining
incorporated drug from degradation prior to release as the polymer does not take up
water.

1.10.3 Tissue Biocompatability of Implanted Polymers

Tissue biocompatability is an essential prerequisite for polymers for sustained
release implants. Poly a- hydroxy acids generally have good biocompatability,
even when trace amounts of ethylene oxide or solvents are present. No significant
adverse reaction has been detected after 12 years of experimentation with resorbable

polymers in animals and humans.

Polylactic acid and its copolymers have demonstrated tissue compatibility and low
toxicity, however injection is accompanied by an acute inflammatory response,
injected microcapsules are engulfed by connective tissue and foreign body giant
cells, any inflammatory response subsides 70 days post injection (Visscher et al.,
1988; Yamaguguchi and Anderson, 1993). Menei et al., (1993) reported the
absence of toxic effects when PLGA microspheres were injected directly in to the
brain. Subcutaneously implanted discs and cylinders of PLA, PHB and P(HB-HV)
are well tolerated, with no acute inflammation, abscess formation or tissue necrosis
observed in adjacent tissue. Mononuclear macrophages, proliferating fibroblasts
and mature vascularised fibrous capsules were a typical response (Gogolewski et
al., 1993 a). After a 4 week period the D-unit polymer chain of PLA caused less

inflammation compared to the L-unit polymer chain. Increasing the content of HV in
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PHB/HV increased the inflammatory response (Gogolewski et al., 1993 a). Over a
period of 1-3 months slightly more tissue reaction was seen with PHB and
PHB/HV implants compared to PLA, although the tissue response 6 months post
implantation was similar. Implantation of PHB into bone tissue for up to 12 months

showed no evidence of a chronic inflammatory response.

After intraperitoneal injection of poly L-lactide particulates there is an increase in
numbers of neutrophilic granulocytes present up to 48 hours post injection, which
decrease with time. The particles aggregate and intermingle with the inflammatory
cells, the degree of the inflammatory response is proportional to the size and form
of the particles but not the molecular weight (Visscher et al., 1988; van Sliedregt et
al., 1992). The shape of the implanted polymer is also important, with triangular
implants giving the highest enzyme activity, followed by pentagonal and circular
smooth implants gave the least tissue response (Matlaga er al., 1976). Epithelial
cells grown on PLA films showed normal morphology, although confluency and
differentiation over a 14 day period showed differences compared to control
cultures (van Sliedregt et al., 1993). The presence of lactic acid monomers (0.5%)
reduced the metabolic activity of human mammary fibroblasts (reduced cell
proliferation and less densely packed) (van Sliedregt et al., 1994). The in vivo
effects of monomer release from the implanted device is influenced by the draining

capacity of the surrounding tissues.

Long term implantation into rodents highlights the problem of foreign body
tumorigenesis (Oppenheimer effect) which is independent of the chemical nature of
the implant (Pistner ef al., 1994). Therefore it is important to employ polymers with
relatively short in vivo half-lives for drug delivery applications.

1.10.4 Sterilisation of Polymers for Biomedical Use

PLA can be easily sterilised for parenteral use, however the use 3 and v rays results
in some polymer degradation. The use of 7y rays can result in simultaneous chain
scission and cross linking of the polymer chains (Hordcek et al., 1993). Scission of
the polymer chains are more pronounced in the amorphous region compared to the
crystalline regions, aromatic regions have a greater ability to absorb irradiation
energy compared to aliphatic regions (Chu et al., 1992). A normal dose of 7y rays
(25KGY) can cause a total loss of strength during a 10 day period after implantation
(Gilding and Reed, 1979). The degradative effect of the y rays shortens the lag
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phase in the release profiles (Sanders et al., 1984), the degradative effect continues
on storage of the sterilised polymer (Spenlehauer et al., 1989).Tsai er al. (1986)
report that sterilisation of PLA with “Co y-rays (100 GY) did not affect
microcapsule structure, release rate or drug stability.

Ethylene oxide sterilisation causes no adverse effects to the polymer used at 12%
ethylene oxide at 54°C and 181bs in” for 105 minutes. Evacuation at 60°C and
0.2bar for 5 hours reduces the ethylene oxide content of the polymer.

Wu et al. (1994) report the use of UV sterilisation for polyanhydride films (one
hour exposuire on each side), however UV light could possibly cause cross linking
of the entrapped ODNSs strands (Takasugi e al., 1991), making sterilisation by this
method a non viable option.



1.11 THE MACROPHAGE

The macrophage is a complex cell with varied roles (extensively reviewed by Tabata
and Ikada, 1990 a ; Auger and Ross, 1992). It is the major differentiated cell in the
mononuclear phagocyte system, they are widely distributed in the body (lymphoid
organs, liver spleen, bone marrow, lungs, gastrointestinal tract, CNS and skin) and
have a wide range of physiological and pathological functions. Macrophages
originate in the bone marrow as monoblasts, develop into monocytes and
differentiate into macrophages in tissues. They are unable to renter the circulation
and remain in the tissue for several months, before being destroyed in the lymph
nodes. The presence of phagocytosable particles stimulates the production of
macrophages .

Macrophages are generally large 25-50pm in diameter and irregularly shaped with
an eccentric nucleus of variable shape. Actin microfilaments immediately beneath
the cell membrane are responsible for the ruffled cell surface, locomotion, as well
as influencing endocytotic events. Macrophages engulf foreign material by moving
to surround the particulate, this process may take only a few minutes. Lysosomal
enzymes involved in the degradation of phagocytosed material are synthesised in
the endoplasmic reticulum and are packaged by the golgi apparatus into primary
lysosomes. Membrane bound lysosmes fuse with phagosomes to form secondary
lysosmes which contain the ingested material. If the particle is too large for one cell

to ingest, several cells surround the particle to form a capsule.

Activated macrophages have enhanced cellular metabolism, mobility, lysosomal
enzyme activity, phagocytic activity, cytocidal capacity , and increased size.
Interferon gamma promotes responsive macrophages to primed macrophages,
addition of lipopolysaccharide enables primed macrophages to reach an activated
state.
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1.12  AIMS AND OBJECTIVES

A delivery device for ODNs and RBZs is essential for the successful therapeutic use
of these nucleic acids, due to their short biological half-life requiring repeated
administration and poor stability of unmodified sequences. A polymeric device
which is non toxic, protects the entrapped nucleic acids from degradation and
releases the entrapped drug at a predetermined rate over an extended time period
would be ideal.

Therefore the aim of the project was firstly, to design and characterise
biodegradable polymeric carriers which are suitable as sustained release dosage
forms for ODNs and RBZs. Secondly, to ensure that the dosage form is capable of
protecting the nucleic acid from degradation in the biological milieu prior to release,
whilst the fabrication procedure must not adversely effect the nucleic acids ability to
hybridise to its target sequence. The final aim was to assess the potential for
enhanced cellular delivery of ODNs by use of microspheres.
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CHAPTER TWO

MATERIALS AND METHODS

The general materials and methods are detailed in this chapter, any variations to the

standard procedures outlined here are detailed in the relevant chapters.

2.1  MATERIALS

Double distilled de-ionised water was used throughout and sterilised by autoclaving
at 15 pounds per square inch above atmospheric pressure at 120°C for 20 minutes.
All glass and plasticware not purchased sterile was autoclaved prior to the handling
of DNA and RNA. For the handling of RNA all glassware was soaked in 3%
hydrogen peroxide for 2 hours before rinsing in RNase free water (0.1% diethyl
pyrocarbon in distilled water and autoclaved).The plasticware was also rinsed with

RNase free water prior to autoclaving.

All reagents were cell culture grade or the highest purity available from Sigma
Chemical Company (Poole, UK) unless otherwise specified. Cell culture media and
reagents were purchased from Gibco (Paisley, UK), tissue culture flasks,
multiwell tissue culture plates, 15ml and 50ml polypropylene Falcon tubes were
purchased from Falcon Labware (Beckton Dickinson and Co., Plymouth, UK).
Disposable pipettes, microcentrifuge tubes, finpipette tips and 2ml Biofreeze vials

were purchased from Starstedt (Leicester, UK).
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2.2 GENERAL METHODS

2.2.1 Polyacrylamide Gel Electrophoresis

The polyacrylamide gels were set up and run as described in Sambrook et al.
(1989), using a Biorad gel electrophoresis system (Biorad, Hemel Hempstead,
UK).

A 1000ml stock solution of native 20% polyacrylamide gel mixture was prepared
(200g acrylamide, 6.6g bis-acrylamide and 200ml TBE x5). The gel mixture was
filtered and degassed and stored at 4°C, protected from the light. To make a
denaturing gel 7M urea (420g) was added to the above gel mixture, RBZs were run
on a denaturing polyacrylamide gel containing 8M urea. A 50ml aliquot of the stock
gel mixture was polymerised with 0.6m1 10% ammonium persulphate (freshly
prepared) and 40um TEMED ( N,N, N’,N’-tetramethylethlenediamine) for each
gel. The polymerising gel mixture was poured between two glass plates (20 x 20cm
and 22 x 20cm) with 1Imm spacers (Biorad). A 15 well comb was inserted at the top
of the plates to form the sample wells, the gel was allowed to set for one hour at
room temperature. The samples to be run on the gel were added in a loading buffer
(50mg xylene cyanole, 50mg bromophenol blue to 10ml with TBE in glycerol). To
denature the samples for a denaturing gel, 4.2g of urea was added to the loading
buffer, omitting the glycerol. Tris borate buffer was used as a running buffer and
was diluted from a 5x stock solution (54g Tris base, 27.5g boric acid, 20ml 0.5M
EDTA (pH8) /1000ml). The gel was run for approximately 2 hours at 300 volts

using a Biorad power pack, and cooled with tap water.

2.2.2  Autoradiography

After running a polyacrylamide gel with radioactive samples, the small plate was
removed and the gel covered with a single layer of cling film. The gel was exposed
to Kodak film in order to visualise the radioactive samples in a Hypercassette
(Amersham) fitted with an intensifying screen. The time of exposure varied from 5

minutes for fresh *P to 48 hours depending on the activity of the samples,
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exposure for longer than 5 minutes was at -70°C to prevent migration of the

samples. The film was developed and fixed using Kodak reagents (Sigma).

2.2.3 Scintillation Counting

The specific activity of the radiolabelled ODNs was determined by scintillation
counting. A known volume (5ul) of sample was added to 10 ml Optiphase

Hi-Safe 3 (Pharmacia-Wallac) and counted in a Packard 1900TR scintillation
counter using appropriate [35S] and [32P] activity programmes for 5 minutes,
against a background. The half life and reference date of the radionucleotides were
used to account for decay during the experimental period. Both [33S] and [32P] are
B emitters having half lives of 89 and 14.2 days respectively. Specific activities of
ODN solutions were calculated as cpm/pl, specific activities were in the region of
200,000 cpm/ul. A volume of 50pl was used in all polymer loading, with
unlabelled ODN added to adjust the total concentration.
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2.3  OLIGODEOXYNUCLEOTIDE SYNTHESIS AND PURIFICATION

2.3.1 Oligodeoxynucleotide Synthesis

The various methods of ODN synthesis have been reviewed by Caruthers, (1989).
The ODNSs for use in this thesis were synthesised on an automated DNA/RNA
synthesiser (Model 392, Applied Biosystems (ABI), Warrington, UK) using
standard cyanoethyl chemistry (reagents from Cruachem, Glasgow, UK). Only PO
and PS ODNs were used for experimentation in this thesis, due to their simplified
synthesis compared to other modifications discussed in section 1.3.

The ODNs were synthesised with the 3' end attached to a solid silica CPG bead
support via a succinamide linker. The synthesis cycle in schematic form is shown in
Fig. 2.1. The first step was detritylation, the dimethoxyltrityl (DMT) group on the
5' hydroxyl group of the support bound nucleotide was removed with
trichloroacetic acid (TCA), leaving a reactive 5' hydroxyl, which was coupled to the
next phosphoramidite. Quantification of the released trityl cation gave an indication
of the step-wise coupling efficiency and overall yield (see 2.3.2). The second step,
activation, was achieved by the simultaneous addition of the phosphoramidite
nucleoside monomer and tetrazole (a weak acid) to the column. The tetrazole
protonated the nitrogen of the phosphoramidite, making it susceptible to
nucleophilic attack by the 5' hydroxyl of the next nucleoside. The addition of the
phosphoramidite was completed in 30 seconds. Further additions in each cycle were
prevented by the DMT group at the 5' end of the last nucleoside. In the fourth step,
capping, addition of acetic anhydride and 1-methylimididazole terminates any
chains that have not undergone addition, thereby minimising the length of impurities
(i.e. failed sequences) present, as they were unable to undergo further addition
steps. Step five, oxidation, where the unstable trivalent phosphorous was stabilized
by oxidation with iodine-water-pyridine in basic tetrahydrofuran mixture to form the
stable pentavalent phosphate triester. Alternatively the triester was sulphurised to
form a phosphorothioate with tetracthylthiuram sulphide. The complete structure is

shown in Fig.1.1.



The synthesis cycle was repeated until the ODN reached the required length. The
ODN was cleaved from the column by treatment with concentrated ammonium
hydroxide (d=0.88) and transferred to a collecting vial. The cyanoethyl
phosphorous protecting groups were removed in the ammonium hydroxide when
heated to 55°C for 8-15 hours.

All reagents were kept under argon on the synthesiser and once diluted had a shelf
life of 14-28 days.

deprotection

1,/ Hy0 Ny =

nucleoside

STEP 1
DETRITYLATION

STEP 3
ADDITION

STEP 4
CAPPING

ACTIVATION

tetrazole

Fig. 2.1 General scheme of oligodeoxynucleotide synthesis (reproduced from ABI
user manual)

2.3.2 Coupling Efficiency

Quantification of the trityl cation released after detritylation was used to determine
the coupling efficiency (ABI user manual). The trityl fraction was diluted to 25ml
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with 0.1M p-toluenesulfonic acid in acetonitrile and the absorbance measured at
498nm (Phillips UV/Vis spectrophotometer PU 8730).

overall yield = OD g 1ast or lowest trityl / OD,, second or highest trityl
stepwise yield = overall yield Ycptings

NB. The number of couplings is 1- the number of bases in the sequence.

The absorbance of the first trityl was ignored as this represents the first base, which
was already attached to the column. The stepwise yield was typically 98% and the
overall yield for a PO 20mer ODN was typically 70%.

2.3.3 Oligodeoxynucleotide Purification

After deprotection, the resulting ODN, in concentrated ammonium hydroxide, was
purified using a NAP 10 column (Pharmacia Biotech) containing sephadex G25.
The column was washed with 15ml sterile distilled water, before the addition of the
ODN in a 1ml volume. A further 1.5ml of sterile water was added following the
addition of the ODN solution to the column and this fraction (containing the ODN)
was collected in a microcentrifuge tube. The eluted ODN in sterile water was dried
under vacuum (DNA Speed Vac, Savant, UK) and stored at -20°C. The purification
procedure removes any salts and short failed sequences (less than 10mer) present.
The purity of the ODNs was not quantified.

2.3.4 Quantification of the Oligodeoxynucleotide

One synthesis of a 20mer yields approximately Img of ODN before purification.
The amount of ODN was determined by UV spectroscopy at 260nm. One optical
density unit of single stranded ODN is equivalent to approximately 33p1g
(Sambrook et al., 1989). A more accurate method (Brown and Brown, 1991)
converts OD units into g based on the molecular weight of the sequence, this
method does not allow for the differences in molecular weight between PO and PS
ODN:ss.
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A. Molecular Weight

mol wt = (249 x nA) + (240 x nT) + (265 x nG) + (225 x nC) + (64 x n-1) + 2

where:-

() nA = number of adenine bases in the sequence and n= total number of bases.

(i1) (64 x n-1) accounts for the molecular weight of the phosphate groups.

B. Calculation of Micromolar Extinction Coefficient, € at 260nm

e={(8.8xnT)+(7.3xnC)+ (11.7 x nG) + (15.4 x nA)} x 0.9 umol’!

It is necessary to multiply by 0.9 to account for the suppression of absorbance of
the DNA due to base stacking interactions in the single strand.

C. To Convert OD,, into milligrammes

Img ¢/ (mol wt/ 1000) = x OD,,
10Dy, =1/x=ypg

Appendix 3 Iists all the sequences and OD conversions used throughout this thesis.
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2.4  OLIGODEOXYNUCLEOTIDE LABELLING

2.4.1 5'End [3?P] Labelling

The ODNs were labelled at the 5' end with [32P]-y-ATP (Amersham, UK) with a
specific activity > 185 TBg/mmol at the reference date, using bacteriophage T4
polynucleotide kinase (Sambrook et al., 1989) in 5x reaction buffer (100mM Tris
pH 7.5, 20mM MgCly, 10mM DTT, 0.2mM spermidine and 0.2mM EDTA) at
37°C for 30 minutes. Approximately Inmole of ODN was labelled in a 20ul
reaction mixture of 20 units T4 Kinase (Gibco), 4ul reaction buffer and 5l [32P}-y-
ATP.

2.4.2 3'End [35S] Labelling

ODN s were also labelled at the 3' end with [39S] dATPaS (Amersham, UK) with
a specific activity > 37 TBq/mmol at the reference date, using a terminal transferase
kit (Boehringer Inglheim, Germany) at 37°C for 60 minutes (Sambrook et al.,
1989). The nature of labelling results in the addition of an extra base at the 3' end of
the sequence. Approximately Inmole of ODN was labelled in a 50y reaction
mixture of 1pl terminal transferase, 51 Cobalt chloride, 10ul reaction buffer and
3ul [35S] dATPaS.

2.4.3 5'End Fluroscein Labelling

A fluorescent label was added to the 5' end of the ODN during the automated
synthesis cycle. Fluoroscein phosphoramidite (Applied Biosystems) was diluted in
acetonitrile (according to manufacturers instructions) and added to a spare port on
the synthesiser. Coupling times of the standard cycle were doubled to ensure
complete addition. The labelled ODN was deprotected at 55°C for 4 hours, dried
and stored in a microcentrifuge tube at -20°C protected from the light, to prevent

degradation of the label.
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2.5 PURIFICATION OF LABELLED OLIGODEOXYNUCLEOTIDES

2.5.1 Polyacrylamide Gel Electrophoresis

The radiolabelled ODNs were purified by polyacrylamide gel electrophoresis, an
equal volume of 10% glycerol solution was added and the samples run on a 20%
native polyacrylamide gel. A denaturing gel was not used due to contamination of
the labelled ODN with urea which was difficult to separate. Loading markers;
bromophenol blue and xylene cyanole were used in the glycerol solution as marker
dyes in one lane only, as the dye runs at the same level as a 20mer ODN and so
would contaminate the labelled ODN with dye. The position on the gel of the
labelled full length ODN was visualised by autoradiography as in section 2.2.2.
The appropriate bands were cut from the gel and the radiolabelled ODN was eluted
in water and concentrated by drying under vacuum. The concentration of the

radioactive ODN solution was determined as described in section 2.3.4.

2.5.2 Column Purification

As an alternative approach, the radiolabelled ODN was separated from the unreacted
label and short failed sequences by purification through NENSORB-20 columns
(NEN-DUPONT). The column was rinsed with 100% methanol, followed by 2ml
of Reagent A (10ml of 0.1M Tris HCl and 1mM EDTA pH7.7 with 14ul of
triethylamine). The solutions were pushed through the column using a 10ml
syringe. Reagent A (300u1) was added to the labelling mixture before addition to the
column with a pipette. The column was then washed with 3ml of reagent A
followed by 3ml sterile water. The ODN was eluted from the column in 300p of
20% ethanol. Care was taken to prevent the column from drying out, the maximum
load for the column was 20pg. The purity of the ODN was then confirmed by gel

electrophoresis and autoradiography.
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2.6  RIBOZYME SYNTHESIS AND LABELING

The hammerhead ribozyme (RBZ) sequences used in this thesis were a gift from
Cruachem (Glasgow, UK).

2.6.1 Choice Of Target mRNA Site

This site for the 32 myc RBZ designed against the human c-myc oncogene, exon 2
(Mw 10400), was chosen due to its proximity to the AUG codon and the 5'-end of
the gene, the presence of a GUC base trio and the absence of four adjacent
guanosine residues within either the RBZ or corresponding substrate sequences.
The presence of 'G'-quartets have the potential to cause non-specific effects,
highlighted by studies using antisense ODNs (Yaswen et al., 1992).

2.6.2 Ribozyme Synthesis

A 32mer unmodified RNA hammerhead RBZ 5' GGU GUC UGA UGA GGC
CGU UAG GCC GAA ACC GC (Fig.2.2) and a 27mer region of the target mRNA
substrate molecule 5' UCC UAC GUU GCG GUC ACA CCC UUC CUC were
synthesised in order to assess the in vitro stability and catalytic activity of the
polymer released RBZ. The sequences were synthesised using 1.0uM scale Fpmp
chemistry on an automated DNA/RNA synthesiser (Cruachem, Mode! PS250)
using standard RNA phosphoramidite reagents (Cruachem Ltd). The RNA was
removed from the CPG support manually by treating the contents of the column
with 1ml ammonium hydroxide (d=0.88) at 55 °C for 12 hours. The synthesised
RNA bearing the 2'-O-Fpmp and 5'-O-DMTr protecting groups, was purified by
reverse phase HPLC. RNA was deprotected with 0.01M HCI (pH2) at 30°C for 38
hours and neutralised with dilute ammonium hydroxide. The deprotected RNA
sequences were then desalted by precipitation from n-butanol at -70°C and
evaporated to dryness in ethanol under vacuum (Cruachem Technical Bulletins Nos.
37 & 42).
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Fig. 2.2 Structure of hammerhead ribozyme and substrate

2.6.3 Ribozyme Radiolabelling

The deprotected RBZ and substrate were labelled at the 5'-end with [32P]-y-ATP

(Amersham, UK), as for DNA ODNSs (section 2.4.1). The radiolabelled RNA was
purified using 20% native polyacrylamide gels (section 2.2.1) and eluted from the
gel as in section 2.5.1, using RNase free water. The RNA was concentrated under
vacuum and the concentration of the RBZ and substrate solutions were determined

as in section 2.3.4 by UV absorption at 260nm.
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2.7 POLYMERIC DEVICES

2.7.1 Polymers

Poly L-lactic acid and copolymers (Bochringer Inglheim, Germany) were
distributed by Alpha Chemicals (Bracknell, UK). The polymers were stored in a
dessicator at 4°C.

Poly L-lactic acid (PLA) Mw 690,000 (ref L 214) was received as almost white
granules, almost odourless, Poly D,L-lactide co-glycolide 50:50 P(LA:GA) Mw.
30,000 (ref RG 503) a white lumpy powder, almost odourless and Mw 3,000 (ref
RG 502) a white/brownish powder almost odourless. The certificate of analysis
states:-monomers < 0.5%, acetone < 0.1%, heavy metals < 10ppm, tin < 37 ppm
and water < 0.4%.

Polyhydroxybutyrate (PHB, BIOPOL, ref S100P) Mw 540,000 and
polyhydroxybutyrate co-valerate ( PHB/12-HV) Mw 680,000 (ref D600P) were
purchased as almost white powders from Zeneca (UK). The polymers were stored

ina cool dry place.

2.7.2 Preparation of Solvent Cast Films

Solvent cast films were made from PHB, PHB/HV and PLA. High molecular
weight crystalline polymers were needed to form solvent cast films. The polymers
were dissolved in an excess of chloroform, refluxing for several hours was required
to dissolve the PHB and PHB/HV, any of the PHB which had not dissolved was
removed by filtering. The polymer solvent solutions were concentrated using a
rotary evaporator to produce solutions of 10% w/w for PHB and PHB/HV and 2%
w/w for PLA. Approximately 50u of Jabelled ODN or RBZ with a specific activity
in the region of 1 million cpm was mixed with unlabelled ODN or RBZ to give the
required concentration. The ODN or RBZ to be incorporated in the film was added
to the polymer (approx 250mg) in 60ul of aqueous solution and mixed well. The

polymer/ODN mixtures were cast on degreased plates, the chloroform was allowed




to evaporate slowly overnight in a covered chamber. The films were dried at 40°C
for 48 hours and stored in a dessicator before use.

2.7.2 Preparation of Microspheres

The methods used to produce ODN loaded microspheres are detailed in section 4.2.

2.8  CHARACTERISATION OF POLYMER DEVICES

2.8.1 Microsphere Batch Yield Determination

The freeze dried microsphere batches were weighed in order to asses the yield of

each sphere preparation.

2.8.2 Extraction of Oligodeoxynucleotide from the Polymer and Determination of
Loading

The ODN was extracted from the polymer by dissolving the delivery device (film or
microsphere) in 2ml chloroform, vortexing with 2ml sterile water and centrifuging.
The aqueous layer containing the ODN was removed and concentrated under
vacuum. The extraction procedure was repeated three times. The ODN
concentration was assessed by scintillation counting. The RBZ was extracted from

the polymer by the same method but using sterile RNase frec water.
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2.8.3 Release Experiments from Solvent Cast Films

ODN and RBZ loaded polymer films, approximately Icm® and weighing 10mg
were placed in 1.5ml of media (in a 2ml capped vial). The release media used were
either serum, phosphate buffered saline (PBS) (137mM NaCl, 2.7mM KCl and
10mM phosphate buffer pH 7.4) or citrate phosphate buffer (CPB) (21mM citric
acid and 58mM sodium phosphate pH 5.5). The vials were shaken on a simple to
and fro shaker at 400 rpm at 37°C. Release of radiolabelled ODN and ribozyme
from the films was monitored at intervals over a period of 28 days, daily over the
first 7 days then every 2™ or 3* day for the following 21 days. At each time interval
1.5ml of the release media was removed for scintillation counting as described in
section 2.2.3. An equivalent volume of fresh release media was replaced at each
sampling time. A S label was used for the long term release studies due o the
short half life of *P. The scintillation counter allowed for the decay of the
radioisotope from the reference date, to enable comparison of the released labeled
ODN over the release period studied.

2.8.4 Release Experiments from Microspheres

Release of ODNs from microspheres was determined in a similar way to the films.
Approximately 25 mg of micropsheres were suspended in 1.5ml of release media.
The release media used were either serum, DMEM, DMEM 10 % serum, phosphate
buffered saline (PBS) (137mM NaCl, 2.7mM KCl and 10mM phosphate buffer
pH 7.4), citrate phosphate buffer (CPB, 21mM citric acid and 58mM sodium
phosphate pH 5.5) or pH 10 buffer (27.5mM sodium carbonate and 22.5mM
sodium bicarbonate). The vials were shaken on a simple to and fro shaker at 400
rpm at 37°C. Release of radiolabelled ODN was monitored at intervals over a
period of 28 days, daily over the first 7 days then every 2™ or 3" day for the
following 21 days. At each time interval the release media was removed and
centrifuged for 5 minutes at 13,000 rpm to remove any suspended microspheres.
The supernatant was removed for scintillation counting as in section 2.2.3, and the

sphere pellet was resuspended in 1.5ml of fresh release media and replaced into the

release vial.
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2.8.5 Scanning Electron Microscopy

The surface morphology of polymer films and microspheres were examined using a
Cambridge Instruments Stereoscan 90 Scanning Electron Microscope connected to a
35mm camera. The samples were thoroughly dried and embedded in carbon

adhesive on aluminium stubs and gold coated in an Emscope SC 500 sputter coater,

in order to obtain a conducting specimen surface.

2.8.6 Differential Scanning Calorimetry

Differential scanning calorimetry was undertaken with a Perkin-Elmer DSC-4
instrument using the Thermal Analysis Data Station (TADS) for data collection,
handling and presentation. Samples for thermal analysis were accurately weighed
(1-4 mg) into an aluminium pan and covered with an aluminium lid which was then
crimped into position. The pan was placed in the DSC oven together with a blank,
prepared in exactly the same way but without the sample. The sample and blank
were continuously purged with nitrogen gas at a flow-rate of 25 cm3 min” (1.4 kg
cm’?) and the thermograms were recorded over a temperature range of 40-290°C
with a programmed heating rate of 10°C min”. Temperature calibration was made
with an indium standard (onset temperature 156.6°C) and temperatures are quoted

as those of transition onset (Tgpset) or of peak maximum (Tmax)-

2.8.7 Microsphere Particle Size Determination

Approximately 10mg of spheres were added to 10ml of 0.2pm filtered water and
injected into a Malvern Mastersizer E particle sizer (Malvern Instruments, Malvern,
UK). The average size of the spheres and sphere range were plotted using a

software package (Malvern).
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2.8.8 Microsphere Surface Charge Determination

The zeta potential of the microspheres was determined using a Zetamaster (Malvern)
and PCS windows data handling software package. Approximately 10mg of
spheres were added to 2 ml 10mM KCl, and injected into the instrument, three
values were calculated for each run.

2.8.9 Solvent Retention in Polymeric Devices

Freshly prepared polymer films and microspheres dried in the usual way, were
analysed for solvent content by gas chromatography (GC). Analysis was done
using a PYE Unicam series 304 Chromatograph and a 0.8% THEED on
CARBOPACK C 80/100 column Im in length, under the following experimental
conditions:- injection temperature = 70°C, column temperature = 60°C, detector
temperature = 120°C, detector sensitivity = 8x10, hydrogen flow = 1.0 kg/cm®,
air flow = 0.5kg/cm? and nitrogen flow = 0.5kg/cm®

A 20mg piece of polymer film was dissolved in 2ml of dichloromethane and the
chloroform content was determined by a chloroform in dichloromethane calibration
graph. A sample volume of 1l was injected onto the column in each case,
producing smooth symmetrical curves. The method was repeated for the
microspheres, dissolving 20 mg in 2 ml of chloroform and assaying for

dichloromethane content.

Boiling point of dichloromethane = 41°C
Boiling point of chloroform = 61°C

2.8.10 Polyvinyl Alcohol (PVA) Assay
The amount of PVA remaining in the microspheres was quantified using a modified

method described by Alléman et al., (1993), based on the complex formed between
iodine and PV A in the presence of boric acid (Finley, 1961).
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Approximately 40mg of spheres were accurately weighed and dissolved in Sml of
chloroform. The sphere solution was sonicated in a water bath for 10 minutes,
filtered on a cellulose filter (1.2pum pore size, Millipore) and washed with a further
10ml of chloroform before drying. The filter was boiled in 20ml distilled water to
dissolve the PVA. A 1ml aliquot of the PVA solution was added to 3ml boric acid
(4%) and 0.6ml iodine solution (1.27% iodine and 2.5% potassium iodide). The
volume was adjusted to 10ml with disulled water.

The absorbance of the solutions was measured at 690nm (Phillips UV/Vis
spectrophotometer PU 8730). The percentage of associated PV A remaining with the
microspheres was calculated from a calibration curve.

2.9  ACTIVITY OF NUCLEIC ACIDS RELEASED FROM POLYMER
DEVICES

2.9.1 Stability of Polymer Entrapped Oligodeoxynucleotide and Ribozyme

A 5'end [**P] labelled PO 20 mer ODN or a 5' end [*P] labelled 32 mer RBZ were
loaded into polymer films or microspheres and incubated in different release media
as detailed in section 2.8.3 and 2.8.4. The entrapped nucleic acid was extracted
from the polymer film after various incubation times over a 28 day period, as
described in section 2.8.2. The stability of the polymer extracted ODN and RBZ
sample was assessed by running the samples on a 20% denaturing polyacrylamide
gel as described in section 2.2.1 and visualised by autoradiography (section 2.2.2).
The relative intensity of the bands on the autoradiographs were estimated by
scanning laser densitometry using a scanner (Apple Macintosh) and NIH image
1.54, a programme for densitometric analysis of 1-D gels package.
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2.9.2 Oligodeoxynucleotide Gel Mobility Shift Assay

In order to determine if the ODN released from the polymer film was still capable of
hybridising to its complementary “sense” sequence, a gel shift assay was performed
(Sambrook et al., 1989). The 5' end [*’P]-y-ATP labelled PO 20 tat was extracted
from the PLA film as in section 2.8.2 and added to an excess (x3) of the
complementary sense ODN in 100mM NaCl, 10mM sodium dihydrogen phosphate
and 0.1mM EDTA at pH7.0. The solution was heated to 90°C to destroy any
secondary structure and then slowly cooled to room temperature overnight to allow
the duplex formation. An equal volume of 5% glycerol (in 1x TBE) was added to
the sample and run on a 20% native polyacrylamide gel at 4°C (2.2.1) and
visualised by autoradiography (2.2.2).

2.9.3 Duplex Melting Point (T,, ) Determinations

In order 1o confirm that the polymer entrapped ODN is still capable of hybridising to
its target sequence, T,, determinations were performed on a duplex obtained with

20 tat PO ODN extracted from polymer films and microspheres and a
complementary 20mer sense strand. Antisense and sense ODNs were mixed ina l:1
ratio in a buffer containing 1 M NaCl and 0.01M Tris HCI pH 7.0 to give an
approximate concentration of 1 OD,g, (Sambrook ez al., 1989; Hoke et al., 1991)
The samples were pre-melted at 90°C to destroy any secondary structure, and
allowed to cool to room temperature overnight. The resulting duplex was heated
from 0 to 90°C at a rate of 0.5°C/min and cooled 6 times (with a total of 180 data
points per run). The absorbance at 260nm was recorded, using a Cary IE UV-
Visible Spectrophotometer connected to a Star LC 24-300 colour printer. The data
was processed using a Cary Thermal Easy software package. The midpoint on a
sigmoidal plot of absorbance against temperature corresponds to the T, of the ODN
(i.e. the temperature at which 50% of the oligonucleotide is still in a duplex) The T,

was calculated using three different methods derivative, average and hyperchromic.
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2.9.4 Biological Activity of Released Ribozyme

The RBZ was extracted from the polymer film as described in section 2.8.2. A
50uM stock solution of released RBZ was prepared in 50mM Tris (pH7.5), 10mM
MgCl, which had previously been heated to 90°C. A 2uM stock solution of the all
RNA substrate was prepared in 50mM Tris (pH7.5), 10mM MgCl2 which had
previously been heated to 90°C. This yielded a 25:1 ratio of ribozyme to substrate in
the final reaction mixture. The cleavage reaction was initiated by the addition of an
equal volume of RBZ stock solution to the substrate stock solution, both previously
incubated at 37°C for 15 minutes. The reaction was stopped after the required time
interval by the addition of an equal volume of 8M urea and storage at -20°C. The
RBZ, substrate and any cleavage product(s) were separated by 20% polyacrylamide
(8M urea) gel electrophoresis as in section 2.2.1 and visulised by autoradiography
(section 2.2.2). The relative intensity of bands on the autoradiographs was
estimated by scanning laser densitometry using a scanner (Apple Macintosh) and

NIH image 1.54, a programme for densitometric analysis of 1-D gels package.

2.10 CELL CULTURE TECHNIQUES

2.10.1 Cell Lines

Murine macrophages, Raw 264.7 were purchased from the European collection of
animal cell culture catalogue (ECACC). They were established from the ascites of a
tumour induced in a male mouse by the intraperitoneal injection of Abelson
leukaemia virus (A-MuLV).

2.10.2 Culture Media

The maintenance media used was Dulbecco’s modified Eagle’s media (DMEM)
supplemented with 10% v/v foetal bovine serum (FBS) (mycoplasma screened) 1%
L-glutamine and 1% v/v penicillin and streptomycin (Gibco). FBS (Gibco 011-
06290H), L-glutamine (Gibco 041-01965M) and penicillin/streptomycin (Gibco

74



043-05140D) were stored at -20°C and thawed at 37°C immediately im'or to use, the

DMEM was stored at 4°C. The same media with or without serum was used in the
stability and uptake studies.

2.10.3 Cell Culture

Cells were grown in 75cm” flasks with 25ml of media in a humidified (95%)
incubator at 37°C with 5% carbon dioxide in air. The cells were maintained by
changing the media every 48 hours and passaged by diluting 1 to 5, at weekly
intervals. To passage, cells were washed with PBS, and trypsinised with 2%
trypsin in PBS/EDTA. Fresh media was added and the cells seeded into wells or
flasks at the appropriate density.

The number of cells seeded in multiwell plates was determined by counting the cells
using a haemocytometer and diluting to the appropriate number before plating. Cells
were plated at 5 x10° well * in a 24 well plate for uptake studies (unless otherwise
stated). A fifth of the number were plated in 96 well plates for assays.

2.10.4 Long Term Storage

Cells were prepared for long term storage by trypsinising a semi confluent 75cm’
flask, the cells were pelleted by centrifuging at 1,000 rpm for 2 minutes (43124-708
rotor, 150g, Mistral 3000 I centrifuge, MSE, Leicester, UK). The pellet was
resuspended in 1ml DMEM containing 10% FCS and 10% DMSO in a 2ml
Biofreeze tub and frozen slowly at -70°C before transferring to a liquid nitrogen
store. The cells were recovered by rapid thawing at 37°C and gradual dilution with
media, the cells were pelleted and resuspended in media before seeding in 25 cm”

flasks.
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2.11  CELLULAR ASSOCIATION

2.11.1 Cellular Association of Free Oligodeoxynucleotides

A 5'end labelled [**P] hairpin ODN (Khan and Coulson, 1993) was diluted to the
appropriate concentration with the corresponding cold ODN before adding to the
cells. Cells were plated at 5 x10° well” in a 24 well plate, and the ODN was added
approximately 12 hours later, uptake was monitored at intervals over a 24 hour
period. The media was removed from the plate and placed in a scintillation vial. The
cells were washed five times with PBS/sodium azide (0.05%) to remove any ODN
loosely associated with the cell surface and inhibit any further cellular metabolism.
PBS washings were collected in a separate scintillation vial. The cell monolayer was
removed by the addition of 3% Triton X-100 at 37°C, this was repeated twice to
ensure that all the cells had been removed from the well. Counts in the cellular
fraction represent ODN that was associated with the cell, either at the surface or
internalised. The [*2P] associated with the media, washes or cellular fractions was
determined by scintillation counting as in section 2.2.3.

2.11.2 Cellular Uptake of 2um Microspheres

The method was repeated as above, the microspheres were added to the cells at
various concentrations, by dispersing in media, a total volume of 0.5ml was added
to each well. The 5 washes with PBS/sodium azide ensured that all non associated
spheres were removed from the cell surface. The cells and spheres were removed
from the plate for scintillation counting with 3% Triton X-100 as before. Efflux
from the cells was determined by incubating the cells with fresh media for a further

24 or 48 hours after washing the cells to remove the non associated spheres.
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2.11.3 Determination of Cellular Association, Uptake and Releasc bf
Oligodeoxynucleotides from the Sphere within the Cell.

The experiment was repeated as before, however after the washes, the cells were
removed from the plate with 2% trypsin and placed in a 1.5ml microcentrifuge tube,
the cells and spheres were then centrifuged at 13,000 rpm for 3 minutes, counts in
the supernatant represented any non-entrapped ODN associated with the cell
surface. The cells were lysed by resuspending in 500pl distilled water for 5
minutes, the tubes were then vortexed to aid lysis, before centrifugation to remove
the membrane fraction and the spheres, this process was repeated twice. The
concentration of ODN associated at the cell surface (in the trypsin fraction), present
in the cytoplasm (in the water fraction after lysis) or entrapped in spheres (in the
pellet with the cell membrane after centrifugation) was assessed and thereby the
exact uptake, release and association with the ccll surface calculated. Efflux from
the cells was determined by incubating the cells with fresh media for a further 24 or

48 hours after washing the cells to remove the non associated spheres.

2.11.4 Localisation of Oligodeoxynucleotide inside the Cell

A 5' fluorescent labelled 15 mer PS ODN was entrapped in the polymer spheres at a
concentration of 0.2p1g/mg polymer. Raw 264.7 cells were plated at a concentration
of 1.5 x10° onto plastic chamber slides, 8 wells per slide (Nunc, Gibco) and
incubated overnight. A sphere suspension (300pl) of Smg polymer/ml, in DMEM
serum free media was added to wells in duplicate, the equivalent {ree fluorescent
ODN was added to the control wells. The chamber slide was incubated for a further
24 hours. The wells were washed five times with PBS to remove the media and
excess spheres, and fixed in 1% paraformaldehyde (in PBS) for 1 hour at 4°C. The
wells were washed with PBS, before removing the sides from the wells. The slide
was mounted in PBS/glycerol mixture (1:1) containing 1% diazabicyclo[2.2.2]
octane (DABCO) as an antifading agent (Johnson et al. 1982), and covered with a
coverslip. Fluorescence in the cells was visualised using a fluorescence microscope
(Jenamed) and a 510nm filter. The cells were also counterstained with propidium
iodide. The cell nucleus stained with propidium iodide was used to aid in the
determination of the cell localisation of encapsulated and free ODNSs. The cells were
grown in chamber slides and the spheres added, incubated and washed as above.
The cells were fixed in 200ul acid alcohol (99 parts 70 % ethanol and 1 part IM

HCI) for 2 minutes, then washed with PBS four times to remove the acid, before
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addition of 200ul of propidium iodide (100pg/ml in PBS). The cells were
visualised using a fluorescence microscope (Jenamed) and a filter at 570nm.

2.11.5 Effect of Microspheres on Cell Number

A crystal violet staining assay was used to determine the number of cells present on
a 96 well plate colorimetrically. Cells were plated in the range 10° to 10’ cells per
well (n=6) in order to produce a standard curve. After seeding in 200yl the plate
was incubated in a humidified incubator at 37°C and 5% CO, for 4 hours, to allow
the cells to attach to the plate but not divide. The wells were washed carefully with
PBS containing 3% sucrose at 37°C, by removing 150yl of media and replacing
with 50 pl of wash solution, five times in total. The cells were then fixed in 2%
paraformaldehyde by addition of 50pl of fix solution (4% paraformaldehyde in
PBS). After 30 minutes the wells were emptied and 4% paraformaldehyde was
added to fix the cells for one hour, the wells were emptied and washed three times
with 200p1 of PBS. After blotting the wells dry 50ul of 0.1% crystal violet in PBS
was added. The plate was shaken gently on a mechanical shaker to stain the cells for
30 minutes, the stain was removed by washing 6 times by total immersion in walter.
The plate was blotted dry and the stain solubilised in 50ul of 1% SDS. The
absorbance was measured at 550nm against a reference of 690nm on an anthos plate

reader 2001 (lab tec instruments) connected to an Epson LX-850 printer.

The effect of spheres on the cell number of RAW 264.7 macrophages was
determined by the addition of 200p of unloaded (blank) sphere suspension (Smg
polymer /ml in DMEM containing serum) to each well of a 96 well plate, and
incubated for a further 24 hours. The absorbance at 540nm for was converted into

cell number using the standard curve.

2.11.6 MTT Assay

This colorimetric assay relies on the metabolism of 3-[4,5-dimethylthiazol-2-yl-
2,5-diphenyltetrazolium bromide (MTT) in the mitochondria of living cells (0 a
formazan dye which has a maximum absorbance at 540nm (Mosman, 1983; Denizot
and Lang, 1986). The cells were plated in 96 well plates, and incubated overnight.
A 200p1 volume of sphere suspension (5mg/ml in DMEM containing 10% FBS)
was added after washing the wells with PBS, fresh media was added to the control
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wells. The plates were incubated for a further 24 hours. The wells were washed
with PBS five times to insure all the free spheres had been removed and 100ul of
fresh media was added to each well. A 20ul volume of Smg/ml MTT solution was
added per well and the cells were incubated for a further 4 hours. The plate was
then centrifuged for 10 minutes at 1,000rpm (244 rotor, 150g IEC Centra-3c,
Runcorn, UK). The media was aspirated from the wells and the dye solubilised by
addition of 100pl DMSO per well and shaken on a mechanical shaker for 10
minutes. The absorbance was measured at 550nm against a reference of 690nm on
an anthos plate reader 2001 (lab tec instruments) connected (o an Epson LX-850

printer.

2.12  STATISTICS

An independent t-test was performed on the release profiles of ODNs released from
polymer films to assess the significance of any differences seen in the release
profiles. The slope of the linear portion (approximately from day 5 to day 20) of the
release profiles was calculated for each release profile (n=4). The slopes were
calculated using a linear regression programme written by W.J. Irwin and the t-tests

were calculated using a StatWorks programme.
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CHAPTER THREE

RELEASE OF OLIGODEOXYNUCLEOTIDES AND
RIBOZYMES FROM SOLVENT CAST FILMS

3.1 INTRODUCTION

The poor biological stability of ODNs (W ickstrom, 1986) coupled with their rapid in
vivo elimination kinetics (Agrawal et al., 1992), has required the repeated
administration of antisense nucleic acids for a sustained pharmacological effect
especially for targets with a slow turnover (see section 1.8 for examples). For example,
tumour regression in mice was observed after 1 to 2 weeks, following repeated
subcutaneous injection of a PS ODN (Higgins et al., 1993). In the case of peripherin, a
neurone-specific intermediate filament protein, which has a slow tarnover (half-life of
about 7 days), repeated administration of antisense ODN:s for up to 40 days was
required to observe a reduction in protein levels of 90% in cultured PC12
phaeochromocytoma cells (Troy et al., 1992). To reduce the need for repeated
administration, a sustained delivery device would be advantageous. In recent in Vivo
studies, mini-osmotic pumps have been employed for the sustained delivery of ODNs
(e.g. Whitesell et al., 1991; Kitajima et al., 1992; Ratajczak et al., 1992; Higgins et al.,
1993). Although such infusion devices eliminate the problems caused by repeated
administration, they suffer the disadvantage that the drug-depleted device has to be
surgically removed. Thus, biodegradable delivery systems which can protect ODNs
from degradation in the biological milieu and simultaneously, provide sustained
delivery of the nucleic acid, thus avoiding the need for repeated parenteral

administration, will be useful from a therapeutic viewpoint.

Biodegradable implantable polymers have been used for controlled drug delivery,
Zoladex (goserelin) in PLGA (see section 1.10 for further examples), is in clinical use,

with carmustine in polyanhydride wafers Brem, (1991) in clinical trials. Implantable
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biodegradable polymer devices probably have optimal therapeutic potential to enhance
substance delivery, if they are implanted directly at, or close to an accessible target site,
enabling delivery in a sustained release manner close (o the tumour site. Implantation
close to the site of action solves some of the problems associated with targeting a drug
to a specific body site by systemic administration. The polymeric delivery devices
produce significantly lower blood levels and therefore result in fewer side effects as a
result of localised delivery. The slow release mechanism not only reduces the need for

repeated administration but also offers protection to the entrapped drug prior to release.

Fournier et al. (1991) used biodegradable cylindrical implants of PLGA loaded with
vinorelbine for the local treatment of solid tumours. The in vivo release was found to be
slower compared to in vitro, this may be due to the formation of a collagenous capsule
around the implant in vivo. A dose dependent antitumour affect was seen in mice in a
solid P388 leukemia model, when the implants were administrated into or in contact
with the tumour site. Implants were more effective than intravenous administered
vinorelbine, the treatment was successful in 8 out of 9 patients with head and neck

cancer.

The treatment of brain tumours is a potential use of ODNSs, however the blood brain
barrier limits the usefulness of many drugs to the central nervous system and
pharmacokinetic studies with ODNs (Agrawal et al., 1992) showed only low
concentrations reaching the brain following intravenous administration. After
intraventricular administration PS ODNs are cleared by bulk flow. Continuous infusion
at 1.5nmoV/hr by mini-osmotic pump can maintain micromolar levels of intact PS ODN
for at least a week without obvious neurological or systemic toxicity (Whitesell et al.,
1993). Therefore polymeric devices could be used to deliver higher concentrations of
drug to the brain than can be achieved by systemic delivery . Implantation after surgery
to remove the initial tumour mass, would prevent the need for further surgery and
would avoid the need for continuos infusions to maintain the ODN concentration in the
brain. Tumour reoccurrence would hopefully be prevented by the sustained release of
the relevant antitumour agent. Carmustine when impregnated in polymers appears was
more effective in treating brain tumours compared to standard methods of delivery
(Brem, 1990). Copolymers of poly lactide co-glycolide (PLGA) are biocompatible with
brain tissue (Menei et al., 1993) and would be an ideal starting point for the
development of a sustained release delivery device, with the potential for implantation

into brain tissue. Macroscopic implants require Open Surgery for implantation, however
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the development of micro and nanospheres enables them to be stereotactically implanted

into the brain due to their size, causing no damage to the surrounding tissue (Menei et
al., 1994 b).

The potential of PLA solvent cast films was evaluated as sustained release matrices for
ODNs and RBZs. Films were chosen as the first preparation due to their relative ease of

fabrication.

32  RELEASE OF OLIGODEOXYNUCLEOTIDES FROM SOLVENT CAST
FILMS

32.1 Effect of Oligodeoxynucleotide Loading, Length and Backbone type on the
Release Profiles

The PLA films were prepared as described in section 2.7 2. The nature of the solvent
casting procedure enabled all the ODN added to be entrapped/associated with the PLA
matrix. Production yields were approximately 90% with some polymer loss to the

mixing vesicle during the casting of the polymer solution.

The resulting films were smooth, flexible, transparent and approximately 100pm in
thickness. The film was cut in to lcm” pieces with an approximate mass of 10mg for

further experiments.

Figure 3.1. shows the influence of drug loading on release of PO 7mer ODN from PLA
thin-film matrices in PBS at pH 7.4 and 37°C. The higher the initial loading of the
ODN in PLA matrices, the greater the amount of the ODN released over the 28 day
study period. For any given loading, the ODN release appears to be biphasic which is
characterised by an initial rapid phase of release (‘burst effect’) of approximately 10%
followed by a second phase of slower release. These biphasic release profiles obtained
with antisense ODNs were similar to those observed for macromolecular protein drugs
and some low molecular weight species from related polymer devices (Heller, 1993).
In all instances, the burst effect is largely attributed to release of drug present at and/ or

entrapped close to the surface of the polymer device, whereas the second phase of
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Fig.3.1. The influence of the initial ODN loading on the release of PO 7 mer poly A
ODN from PLA films in PBS at 37°C. Loading of the ODN per 10mg film of PLA =
low = 0.7 nmoles, medium = 1.4 nmoles, high = 2.8 nmoles. n =4 £ S.D.

slower release probably represents efflux of ODN entrapped further inside the polymer
matrix. The magnitude of the burst effect increased with increased loading which
suggested that as the ODN loading is increased, progressively greater amounts of the
ODN is associated with and/ or entrapped close to the surface of the polymer matrices.
Statistical analysis of the results was determined as in section 2.12. An independent t-
test using the slopes of the release profiles, indicated that the rates of release from the
films of different loading were significantly different at the 95% confidence interval.
Not all the entrapped ODN is released from the polymer during the 28 day period of the
study, as the remaining ODN is probably trapped in the polymer core and has further to
diffuse before release can occur. The rate of release could be increased in the secondary
slower phase of release by the use of ultrasound (Kost et al., 1989, Supersaxo et al.,
1993). Ultrasound enhances the release of entrapped substances by causing reversible
polymer degradation. Incorporation of plasticisers, ethyl vinyl acetate (EVA) or
glycerol can also be employed to enhance the release rate of entrapped drugs by
accelerating the breakdown of the polymer. Blending with a EVA has been shown to
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decrease the crystallinity of the polymer (Gassner and Owen, 1992), however the
incorporation of a non erodible substance is a disadvantage in a degradable system.
Incorporation of glycerol in a silicone matrix has been shown to enhance the release of
entrapped small molecules (Hsieh ez al., 1985) It is thought that the dispersed glycerol
helps absorb water, therefore aiding drug release. The release rate of ODNs from PLA
films could also be increased by the incorporation of a lower molecular weight polymer
(von Recum et al., 1995). Copolymerisation with a water soluble moiety such as poly
ethylene glycol (PEG), will enhance release of the entrapped substance (Hu and Liu,
1994). The addition of PEG decreases the mechanical strength polymer and
hydrophobicity of the polymer.
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Fig.3.2 The influence of ODN chemistry and sequence length on release from PLA
films in PBS at 37°C. Loading of the ODNs per 10mg PLA film = 0.5nmoles.
n =4+ S.D.

ODN chemistry and sequence length do affect the in vitro release profiles of antisense
ODNs from PLA matrices, as shown in Fig 3 2. The rates of release in each profile are

significantly different at the 95% confidence interval using an independent t-test. The
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extent of the burst effect and the rate of release in the subsequent "slow" phase was
dependent on both ODN length and backbone chemistry of the antisense nucleic acid.
Two ODNs of equal length (20mer) but of different backbone types, either
phosphodiester or phosphorothioate, similarly exhibited biphasic release profiles.

Release of the ODN from PLA films continues steadily with time as shown in Fig. 3.3,
the ODN loaded films therefore have the potential for long term treatment with
prolonged sustained release of ODNs. However even after 100 days incubation in PBS
at only 50% of the entrapped ODN was released.
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Fig.3.3 Long term release profile of PO 20 zat from PLA films in PBS at 37°C.
Loading of ODN per 10mg PLA film = 0.5nmoles. n=4 £5.D.
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Fig.3.4 Effect of sequence on release of a 7mer PO ODN from PLA films in PBS pH
7.4 at 37°C. Loading of 7mer ODNs per 10mg PLA film = 0.7nmoles, n=4 £S.D.

Figure 3.4 indicates that the initial burst release of homo PO ODN sequences
(A,G,C,T) are almost identical, with the ODN sequence having little effect, as the
burst release is represented by ODN present at the polymer film surface. The release
profiles of the different sequences are also similar which would be expected from the
results in Fig.3.2. However differences (albeit slight) are seen during the second period
of slower release, with the release rate increasing in the order G<C<T<A. Statistical
analysis by means of an independent t-test on the slopes of each of the release profiles
shows there is a significant difference in the release of a 7mer homo G ODN compared
to the release of 7mer homo A, C or T ODNSs at the 99% confidence interval. The PO
homo G ODN is released more slowly than the other sequences, possibly as a result of
its increased hydrophobicity compared to the other bases, or tertiary structure.

Hughes et al., (1994) report that cellular uptake of a 10mer PS homo G ODN is greater
than other PS homo ODNs. This is probably due to a greater initial association with the
plasma membrane, homo-G ODNSs show the greatest binding to liposome membranes.
Peyman et al., (1995) reported similar findings, with the uptake of a 15mer PS homo
sequences being in the order of G>T>A>C. Care must be taken in the analysis of these
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results due to the known tertiary structures as identical bases can associate in a great
variety of arrangements even though these might be less thermodynamically stable than
complementary base pairing. The use of a 7mer sequence with no complex tertiary
structure due to lack of sequence length confirms that the differences seen must be as a
result of differences in hydrophillicity and not as a result of complex tertiary structures
which may enhance cellular uptake or hinder release from a polymer film.
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Fig. 3.5 Effect of a 32mer RBZ loading on release from PLA films and comparison
with a 32mer ODN release in PBS at 37°C. Loading of ODN/RBZ per 10mg PLA
film:- High = 0.67nmoles, Low = 0.24nmoles (RBZ and ODN). n=4 £S.D.

The release of an unmodified 32mer hammerhead ribozyme (RBZ) from PLA films
appears to be similar to that of the release of an unmodified 32mer ODNs from PLA
films (Fig.3.5), again characterised by an initial burst release followed by a second
phase of slower release. Increasing the initial loading results in an increased rate of
RBZ released from the polymer films in PBS at 37°C, showing a similar trend to ODN
loading as seen in Fig.3.1. By comparing Fig.3.1 and 3.5 the release of a high loading
20mer appears to plateau after 20 days incubation in PBS at 37°C compared to a plateau
around 14 days for the RBZ, the increased molecular weight of the 32mer RBZ
(10400) compared to the 20mer ODN (6090) results in a slower diffusion through the
polymer matrix and hence a slower rate of release. This same effect is demonstrated in
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Fig.3.2, where the shorter 7mer ODN is released from the PLA film more rapidly than
a 20mer ODN. The release of the RBZ from the PLA film appears to be slightly greater
than that of a 32mer ODN (fig 3.5), this may be as a result of the RBZ being less stable
compared to the ODN and undergoing greater degradation in the polymer film and
hence the presence of smaller degradation products appearing to slightly enhance the
release rate. The stability of ODNs and RBZs entrapped in polymer films is discussed
in greater detail in Chapter Six.

3.2.2 Effect of Release Media on Release of Oligodeoxynucleotides from Polymer
films

To further examine the role of pH and type of release medium used on the rate release
of ODNs from PLA matrices, we compared release at pH 5.5 (citrate-phosphate buffer,
CPB), pH 7.4 (phosphate-buffered saline, PBS), and in foetal calf serum. The
degradation of PL.A has been reported to be faster at a higher pH (Menet et al., 1993),
or a lower pH (Chu, 1982; Heya et al., 1991).

The pH of the media did not result in any marked differences in the release profiles of a
32mer HH RBZ from PLA matrices when incubated in buffer at pH 5.5 or pH 7.4
(phosphate-buffered saline, PBS) for 28 days (fig.3.6). The lack of effect may have
been as a result of the higher molecular weight of polymer employed for film
fabrication compared to the studies by Chu, (1982) and Heya ez al. (1994). The
presence of serum (fig.3.7) did not alter the release of a PO 20 tat ODN from PLA
films over the 28 day period studied.
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3.2.3 Effect of Polymer on Release of Oligodeoxynucleotide from Solvent Cast Films

PLA, PHB and P(HB-HV) (12mol% HV) polymers were compared to see if polymer
type had any effect on the release of ODNs from thin solvent cast films in PBS at 37°C.

The polymer films were prepared as in section 2.7.1. and the release experiments are
detailed in section 2.8.4.
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Fig.3.8 Comparison of release of PO 20 tat ODN from P(HB-HV) and PLA solvent
cast films in PBS at 37°C. Loading of ODN per 10mg PLA film = 0.5nmoles. n=4
+S.D.

The release of a PO 20 zat ODN from both PLA and P(HB-HV) films is biphasic as
shown in Fig 3.8, however the burst release is greater from PHB:HV films (35%)
compared to the release from a PLA films (20%). This suggests that the ODN is not as
well incorporated in to the P(HB-HV) matrix compared to the PLA matrix, resulting in
the higher burst release. However the rate of release of the ODN following the initial
burst release is not significantly different at the 95% confidence interval as determined
by an independent t-test. However on examination of the release profiles in the early
stages, the inset to Fig.3.8 shows that the secondary phase of release appears (o plateau
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earlier in the P(HB-HV) films at approximately 10 days compared to rélease from the
PLA which has not reached a plateau by day 15. A greater rate of release of ODNs from
PLA films compared to P(HB-HV) films may be expected, possibly due to the
absorption of water in the PLA matrix aiding the diffusion of the ODN through the
polymer. In comparison the P(HB-HV) polymer is expected to take up little water
during the short period of incubation and hence there may be reduced diffusion of the
ODN through the polymer.

Fig.3.9 shows that the release of a PO 20 tat ODN is slightly faster from the copolymer
compared to the PHB homopolymer, although both polymers have similar degrees of
crystallinity, the copolymer crystallites do not appear to entrap the ODN as well as the
homopolymer (Akhtar et al., 1992 c). However the release rates are not significantly
different at the 95% confidence interval as determined by an independent t-test.

Glycerol was added to the polymer before addition of the ODN and film casting at a
loading of 5 and 10% w/w of dry polymer mass, with the aim of increasing the rate of
release from the P(HB-HV) polymer matrices. The results in Fig.3.10 show that
increasing the amount of glycerol increases the burst release of the ODN, although it
does not affect the rate of release during the slower secondary phase of release. The
glycerol appeared to concentrate at the polymer surface making the film sticky to the
touch. Blending of the polymer with polysaccharides could be used to accelerate the

development of porosity and enhances the degradation process (Holland ez al., 1990)

The slow rate of release of the ODNs from the PHB and P(HB-HV) polymer film
matrices may preclude their use as sustained delivery systems for ODNs without further
modifications to enhance the rate of release. However due to the very slow in vivo
degradation of these polymers, the films may have a role where very long term release

is required.
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3.3  POLYMER DEGRADATION

Degradation of the polymer films was assessed by differential scanning calorimetry
(DSC) and by scanning electron microscopy (SEM) as described in section 2.8. The
effect of any degradation of the polymer films could then be correlated with the release
of ODNs in section 3.2.

Polymer | Description T.onset | T, peak | Enthalpy
Sample (°C) (°C) of fusion
d/g)
PLA white crystalline solid granules, | 177.5 187.3 46.7
almost odourless +1.2 +1.8 +6.5
PLA film | flexible, smooth and transparent. | 170.8 177.5 20.5
Occasionally air bubbles are 0.6 +0.5 +1.59
trapped in the film during
incorporation of the ODN due to
the viscous nature of the
polymer solution
PLA film | opaque film 163.7 168.9 4.45
+5% +0.8 +0.9
glycerol
PLA film | intact, no visible change 171.6 176.4 12.8
PBS +0.7 +0.3 +0.3
28 days
PLA film | intact, no visible change 171.4 175.9 13.6
CPB +1.2 +0.6 +0.9
28 days
PLA film | intact, no visible change 171.8 177.5 20.7
serum +0.5 +0.3 +5.3
28 days
PLA film | intact, no visible change 172.1 172.2 32.15
PBS +0.5 +0.4 9.0
98 days
PLA film has disintegrated into small | sample size t00 small for DSC
serum brittle fragments analysis
98 days

Table 3.1. Polymer sample characteristics and Differential Scanning calorimetry (DSC)
data, n=4 #S.D.
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Fig.3.11 Scanning Electron Micrographs of PLA films (A) before, (B) after 98 days
incubation in serum at 37°C.
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No degradation of the films was observed by SEM after 28 days in serum or phosphate
buffered saline (Figure 3.12). After 28 days the films remained intact, flexible and
opaque. Data from DSC profiles (Table 3.1) did not show any change in the film
crystallinity or melting point compared to films which have not been incubated in PBS,
CPB or serum (at pH 7.4 and 37°C).The lack of any evidence of degradation in these
different release media explains why no difference in the release profiles was evident
between the 3 conditions.

These results indicate that there was no enzymatic degradation of the polymer in serum
during the 28 day release period which may have caused an enhanced release of the
ODN. However, morphological evidence from scanning electron micrographs
suggested that serum enzymes were capable of degrading PLA films incubated in serum
for 98 days (See Figure 3.12). At this stage, the lcm? film had broken into many small
fragments which were opaque and brittle. Scanning electron micrographs showed
evidence of film fracture and mass loss of the polymer. Polymer degradation may
therefore effect ODN release from the polymer films over extended release periods.

3.4  KINETICS OF OLIGODEOXYNUCLEOTIDE RELEASE FROM POLYMER
FILMS

The nature of the interactions of the ODNs with the polymer matrices, and the factors
determining their release were unknown, as the results in section 3.3. indicate that
polymer degradation does not appear (o influence release of ODNs from the polymer
films. To further investigate the mechanism of ODN release from PLA matrices the
release data from PLA films were fitted to mathematical models.

The ODN concentration within the polymer films for these experiments is very low
(2nmoles per film of mass 10m g). Atsuch concentrations, it is probable that the ODN
may be regarded as being distributed intimately throughout the polymer matrix and the
device may behave as a solution system subsequent to the initial burst phase. To test
this hypothesis, release data were fitted to the non-linear model describing the
diffusional release of a dissolved drug from a monolithic polymer slab (Baker, 1987),
suitably modified for a burst effect as indicated in Equation 1 (Fig. 3.13). Curve fitting
was undertaken using iterative non-linear least squarcs regression employing the
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BASIC program NONREG (Irwin, 1990) with the subroutine listed in Table 3.2 and
the parameter variation variable set to 103 (line 1140). In general, the initial estimates
of the parameters (D and Mp_with a fixed value of h = 0.01 cm) rapidly converged to
provide an excellent fit to the model and gave the estimates which are recorded in Table
3.2. Calculations were repeated to further allow the estimation of the film thickness as
a third parameter; these gave essentially the same values with the estimate for h always
being close to the expected 100 im (approx thickness of the films produced),
confirming the validity of the analysis and the measurement of the film thickness.
Equation 1 is continuous over the full release profile, but it may be simplified by the
use of two approximations; an early-time approximation when less than 60% of drug
has been released and a late-time approximation when over 40% of release has
occurred. During the present experiments, release over the 4 week period studied was
usually <60% . Thus, the approximate model shown in Equation 2, should also
correspond to the release profile - especially as the initial release of ODN does not
represent diffusional loss and, hence, further limits the fraction released by diffusional
processes. Release data were similarly fitted to this model using NONREG or FigP

(Biosoft Ltd.) with good agreement with the earlier parameter estimates.
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EQUATIONS

% gexp -D.(2n+1)2.n2t
Mi = MgMp). |1 - Z h2 + My

n=0

(2n+ 12 =2
[Eq.1]

M; = A D.t.Cp, 4.M, - My,) - Cpp
Ah

(Eq.2]

D.t
M, = 4.(M,, - Mp). ~h2 T Mp
[Eq.3]

Fi§.3, 12 Equations for calculations of kinetics of ODN release from the PLA matrix

where:-

= mass of drug released at time t

= the total mass of drug in the device

— the mass of drug released in the initial burst

the diffusion coefficient of the drug in the device

= the thickness of the device

= an integer which increases from 0 to infinity but requires progressively fewer
terms as t increases

Cm = solubility of drug in the matrix

= :rggcgg
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ODN Medium | AmountODN | D M. (% Rel ,
[pH] (nmol film™) | (cm*d™) x10° [s.lé, 0[2] (n?ne(;llsil‘?)u: 1((1)(')3
[s.e.] [1? n]
PO 20 rat PBS 0.68 11.39 36.6 1.425
[7.4] [0.736] [0.17,23]] [0.990, 16]
PO 20 rat FCS 0.68 11.85 34.6 1.09
[7.4] [0.876] [0.22,16]] [0.993, 10]
PS 20 tat PBS 0.58 0.794 12.2 0.448
[7.4] [0.043] [0.05,23]] [0.994, 16]
PS 7 c-myc | PBS 0.55 110.8 21.6 4.56
[7.4] [ 2.52] [0.26,21]] [0.996, 13]

Table 3.2 Parameters for the release of ODN from PLA film matrices.

[D, apparent diffusion coefficient calculated from Eq. 1; My, percentage of release in
burst phase of release; release rate is the slope of the later, linear portion of the release
profile; PBS, phosphate-buffered saline, FCS, foetal calf serum; CPB, citrate-
phosphate buffer; s.e., standard error of estimate; 12, fraction of variance explained by
linear regression; n, number of data points in analysis].

890 PI=3.141593 : AM0=100 : H=100: "M, as %; h in um to avoid overflow errors

900 AD=P(1) : AMB=P(2) : 'H=P(3) : 'Use if estimation of h is required
910 'Expressions here
920 ON J GOTO 930,950, 970, 1000, 1020 : 'Select equation
930 SUM1=0 : 'Summation variable
934 AN=-1 : 'Counter for n

935 AN=AN+1 : SUM2=SUM1 : ‘New value of n; current sum

936 AN1=(2*AN+1)"2

937 ANUM=8*EXP(-AD*AN1*PI*PI*T/H/H) :" and replace H by P(3) here
938 DENOM=AN1*PI*PI : SUM1=SUM1+ANUM/DENOM
939 TF ABS(SUM1-SUM2)/SUM1>1E-08 THEN 935 ELSE 940

940 C=(AMO-AMB)*(1-SUM1) + AMB : 'Estimated amount released

945 RETURN

Table 3.3 BASIC subroutine for the non-linear estimation of release parameters D
(P(1)) and My, (P(2)) using program NONREG.
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In view of the fact that this simpler t1/2 model also fits the concentration-time data, a
further release mechanism is possible; that from a polymer matrix in which the drug is
suspended. The model for the appearance of drug in solution from a monolithic
dispersion is shown in Equation 3, again modified for a burst effect. Attempts to fit the
release profile to this model were less successful for, although the calculated line fitted
the experimental points reasonably well and close estimates of the extent of the burst
effect (Mp) were obtained, values for D and Cyy, (the solubility of drug in the matrix)
were not statistically significant. This may be due to our failure to extract the
parameters adequately but perhaps may also support the conjecture that release from a
polymeric solution (Egs. 1 and 2) is an appropriate model for ODN release from the
PLA films used in this work. Over the time period studied, the slow rates of release
allow the terminal portions of the plot to approximate to a linear release of ODN with
Jittle error. To provide a further comparison of the release kinetics, these values are
also recorded in Table 3.2.

However, the rate of release of the PO 20mer ODN (k= 1.425 x 10-3 nmol d-1) from
the polymer matrix was faster compared to the PS 20mer ODN (k=4.48 x 10-4 nmol d-
1. See Table 3.1 for summary of kinetics data). Although both ODNs are polyanionic,
the fact that phosphorothioates have been shown to exhibit higher octanol: water
partition coefficients and greater lipid binding (Akhtar et al., 1991a) suggests that they
are more lipophilic compared to phosphodiesters and this may provide an explanation
for their slower efflux from the hydrophobic polymer matrices. The shorter PS 7mer
ODN was released more rapidly (k =4.56 x 1073 nmol d-1) compared to the longer PS
20mer ODN (k = 4.48 x 104 nmol d-1) suggesting that longer ODNs interact more
with the hydrophobic polymer matrices thereby retarding their efflux.

The release profiles of a PO 20mer zat ODN from PLA films (fig.3.7) were similar in
phosphate buffered saline or foetal calf serum (both at pH 7.4; kinetic data given in
Table 3.2) suggesting that release did not vary with a change in release medium. There
was good agreement in the values obtained for the apparent diffusion coefficient, burst

effects and release rates for ODN released in PBS or foetal calf serum as shown in

Table 3.2.
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3.5 SOLVENT RETENTION IN SOLVENT CAST FILMS

Chloroform is hepatotoxic and nephrotoxic, decreases respiration, produces
hypotension and decreased cardiac output (Martindale, 29). Poisoning leads to
respiratory depression and cardiac arrest. Liquid chloroform is irritant to mucous
membranes. In the UK medicinal products are limited to not more than 0.5% w/w,
exceptions are for external or anaesthetic preparations. However in the USA the FDA
have banned the use of chloroform in medicines and cosinetics because of reported
carcinogenicity in animals (Martindale, 29).

As a result of the known toxicity of chloroform and maximum levels allowed in a
preparation, it was very Important to characterise the levels of chloroform in the PLA
matrices. Solvent retention was determined by gas chromatography as described in
section 2.8.6. and found to be 2.5%w/w, a graphical result as comparison with solvent

retention in micropsheres is shown in fig.4.7.

The levels of chloroform retained in the films exceeds the recommended maximum
levels of chloroform and steps will be needed to reduce these levels if ODN and RBZ
loaded films are going to have a clinical use. In order to further reduce the levels of
solvent retention the films could be dried for a longer period and at a higher temperature
before storage in a dessicator. Preparation of thinner films (less than 100um in
thickness may enable more efficient removal of the residual chloroform. In view of the
fact that the FDA have banned the use of chloroform in medicinal products, the use of
dichloromethane as a solvent, which has a lower boiling point compared to chloroform
and hence easier removal of the solvent may be more suitable. A melt processing
method may also be employed which avoids the problems associated with the use of

solvents.

100



3.6 CONCLUDING REMARKS

The results in this chapter demonstrate that ODNs can be entrapped into and released
from biodegradable polymer films. The in vitro release of antisense ODN from PLA
matrices was dependent on the ODN chemistry, sequence length and type as well as the
loading of the ODN in the PLA films. The release of and all RNA hammerhead RBZ
was similar to that of an identical DNA sequence. Although the actual amouni of ODN
entrapped per film in this study was relatively low, the required dose for any given
application may be achieved by either a) incorporating a higher loading, b) increasing
the dimensions of the matrix or 3) by using multiples of the smaller film matrices. It
should be noted that with the very potent anti-HIV phosphorothioate ODNs, only a
low maintenance dose (of 10% of bolus) is usually required to maintain the antiviral
effect (Lisiewicz et al., 1993). As such, even the low doses that are delivered by films
produced in this study may be potentially useful in instances where very low

maintenance doses are sufficient for a sustained pharmacological effect in vivo .

The in vitro release profiles in this chapter can only be used as a guide for the expected
in vivo release. A study by Higgins ez al. (1993) delivered 2.8mg of a 24mer PS ODN
by means of an infusion pump over a 14 day period, a rough approximation to provide
an equivalent dose by the use of biodegradable polymer films would require the
implantation 20 pieces of 10mg PLA film (200mg) loaded with Snmoles ODN/10mg of
film. The mass of the polymer to be implanted could be further reduced if the ODN
loading was further increased, or all the ODN could be released over the required
period, by enhancing the polymer degradation. Therefore the use of polymer films have

a realistic potential for the delivery of ODNs.

The effect of the fabrication procedure on the stability of the entrapped nucleic acid on
incubation in serum and the affinity for the target sequence are discussed in Chapter

Six. The fabrication and release of ODNSs from polymer microspheres are discussed in

Chapters Four and Five.
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CHAPTER FOUR

OLIGODEOXYNUCLEOTIDE-LOADED MICROSPHERE
PREPARATION AND CHARACTERISATION

4.1 INTRODUCTION

Microspheres can be defined as microporous spherical matrix systems where the
drug is uniformly dispersed throughout the polymer. They have the advantage of a
wide number of delivery routes depending on their desired application.

Microsph