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4 SUMMARY
Ribozymes are short strands of RNA that possess a huge potential as biological tools for
studying gene expression and as therapeutic agents to down-regulate undesirable gene
expression. Successful application of ribozymes requires delivery to the target site in
sufficient amounts for an adequate duration. However, due to their large size and polyanionic
character ribozymes are not amenable to transport across biological membranes. In this study
a chemically modified ribozyme with enhanced biological stability, targeted against the
EGFR mRNA has been evaluated for cellular delivery to cultured glial and neuronal cells
with a view to developing treatments for brain tumours.

Cellular delivery of free ribozyme was characterised in cultured glial and neuronal cells from
the human and rat. Delivery was very limited and time dependent with no consistent
difference observed between glial and neuronal cells in both species. Cellular association
was largely temperature and energy-dependent with a small component of non-energy
dependent association. Further studies showed that ribozyme cellular association was
inhibited with self and cross competition with nucleic and non-nucleic acid polyanions
indicating the presence of cell surface ribozyme-binding molecules. Trypsin washing
experiments further implied that the ribozyme binding surface molecules were protein by
nature. Dependence of cellular association on pH indicated that interaction of ribozyme with
cell surface molecules was based on ionic interactions. Fluoresence studies indicated that,
post cell association, ribozymes were sequestered in sub-cellular vesicles. South-Western
blots identified several cell surface proteins which bind to ribozymes and could facilitate
cellular association.

The limited cellular association observed with free ribozyme required the development and
evaluation of polylactide-co-glycolide microspheres incorporating ribozyme for enhanced
cellular delivery. Characterisation of microsphere mediated delivery of ribozyme in cultured
glial and neuronal cells showed that association increased by 18 to 27-fold in all cell types
with no differences observed between cell lines and species. Microsphere mediated delivery
was temperature and energy dependent and independent of pH.

In order to assess the potential of PLGA microspheres for the CNS delivery of ribozyme the
distribution of ribozyme entrapping microspheres was investigated in rat CNS after
intracerebroventricular injection. Distribution studies demonstrated that after 24 hours there
was no free ribozyme present in the brain parenchyma, however microsphere entrapped
ribozyme was found in the CNS. Microspheres remained in the ventricular system after
deposition and passed from the lateral ventricles to the third and fourth ventricle and in the
subarachnoid space. Investigation of the influence of microsphere size on the distribution in
CNS demonstrated that particles up to 2.5 and 0.5um remained in the ventricles around the
choroid plexus and ependymal lining.

Key words: hammerhead ribozyme, exogenous delivery, Polylactide-co-glycolide,
microspheres, sustained release, CNS delivery.
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CHAPTER ONE

GENERAL INTRODUCTION

1.1. Ribozymes, catalytic ribonucleic acids

During the study of the RNA processing in the early Nineteen eighties it was discovered that
RNA along with being a carrier of genetic information also had the capability to cleave RNA
strands. Kruger et al., (1982) observed, in vitro, that an intron present in the ribosomal RNA
precursor from Tetrahymena thermophila was capable of excising itself without any energy
source or enzyme. This was followed by a second report in which it was shown that the RNA
component of RNAase P from Escherichia coli was able to process tRNA precursors without
any protein factors (Gurerrier-Takada et al., 1983). In order to describe these RNA motifs
with catalytic properties the term ribozyme was coined; ribo derived from ribonucleic acids
and zyme from enzyme, which are the two characteristics of these molecules. Ribozymes by
definition are short single strands of RNA which posses catalytic activity to cleave or splice a

given mRNA (Uhlenbeck, 1987).

These pioneering reports stimulated extensive research in the area of RNA catalysis and to
date several different RNA motifs possessing catalytic properties have been discovered. For
reviews see Puerta-Fernandez et al., (2003); Phylactou, (2000); Sun ef al., (2000); Tanner,
(1999) and Rossl, (1998). Initially characterised as cis-acting catalytic molecules, it was
subsequently shown that ribozymes could be modified to act in frans. Haseloff and Gerlach,
(1998) demonstrated that the hammerhead ribozyme can be resolved into a substrate and a
catalytic strand (ribozyme) which cleaves the substrate. This fundamental observation led to
the hope that ribozymes can be potentially used to selectively cleave any target mRNA.
Since then ribozymes have been successfully used as biological tools for gene function

analysis and as potential targeted therapeutics for the inhibition of undesirable genes.
Ribozymes are categorised into two classes based on their size and reaction mechanisms. The

large catalytic RNAs consist of group I, II and RNaseP and mainly carry out self-splicing

catalytic reactions. In contrast, small ribozymes consist of hammerhead, hairpin, hepatitis
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delta and VS RNA and catalyse self-cleavage reactions. Below is a brief overview of these
various motifs with the exception of the hammerhead, which is discussed in depth, as it is the

subject of this thesis.

1.1.1. Group I introns.

These motifs range in size from a few hundred nucleotides to around 3000 and are mainly
found in fungal, plant mitochondrion, bacteriophages and eukaryotic viruses. These
ribozymes are introns, non-coding sequences that interrupt the coding sequences of genes,
which have the capability of self-splicing (auto-excision) from the mRNA before translation
begins. This auto-excision involves a two-step trans-esterification reaction in the presence of
a divalent metal ion. The substrate specificity of group 1 introns is determined by a sequence
called the internal guide sequence within the intron, which can be modified to work in trans.
A trans acting group 1 intron can be potentially used as a therapeutic molecule for correcting
aberrant mMRNAs as demonstrated in a study in which a Group | intron was successfully used
to correct a truncated LacZ transcript in Eschericia coli (Sullenger and Cech, 1994). For a

brief review see Phylactou, (2000).

1.1.2. Group Il introns

These range in size from several hundred to around 2500 nucleotides and in comparison to
group | introns are much less widely distributed (Bonen and Vogel, 2001; Jacquier, 1996;
Michel and Ferat, 1995). These occur in mitochondria and chloroplasts of fungal and plant
cells. This class of ribozymes are less studied because their mode of action requires non-
physiological conditions (100mM MgCly, 500mM (NHy),SO4 and 45°C). There are no
reports in published literature on the use of group Il introns in any model system to evaluate

their potential as a therapeutic ribozyme. For a review see Fedorova ef al., (2002)
1.1.3. RNaseP
Ribonuclease P (RNAase P) is found in all living cells, which process 5 termini of tRNA

precursors and is the only ribozyme, which in its unmodified form can act in (rans on

multiple substrates (For reviews see Cobaleda and Sanchez-Garcia, 2001; Kurz and Fierke,

22



2000; Darr et al., 1992; Altman et al., 1993). Most RNaseP ribozymes exist as a complex
with a protein and the presence of this protein component is an essential requirement for the
action of this ribozyme in vivo. However, the RNA component from RNaseP of certain
organisms pOssesses catalytic activity under high salt conditions without the presence of
protein. The exact mechanism of action of these ribozymes is not clear and there seems to be
no important primary sequence requirements for the action of RNaseP. The substrate
recognition by RNaseP 1s largely based on tertiary interactions with the substrate. RNaseP
has been successfully adapted to inactivate the thymidine kinase mRNA from Herpes
simplex virus (Liu and Altman, 1995) and [E1-2 mRNA of human cytomegalovirus (Trang ef
al., 2002).

1.1.4. Hairpin

Hairpin ribozymes are found in plant pathogenic satellite viruses associated with tobacco
ringspot virus, chicory yellow mottle virus and arabis mosaic virus (Walter and Burke,
1998). Due to the three-dimensional arrangement of the stems in this ribozyme motif it is
called a hairpin (Fay et al., 2001). The mechanism of action of this motif is still not clear.
However, like other catalytic RNAs, hairpin ribozymes can only function in the presence of
divalent cation Mngr (Hampel and Cowan, 1997). The hairpin ribozyme has been
successfully adapted to work in tfrans and its potential as an anti-HIV therapeutic agent has
been demonstrated in vitro (Earnshaw ef al., 2001; Feng et al., 2000). A hairpin ribozyme
has been recently used as a tool for the identification of novel targets for the treatment of
neurodegenerative diseases (Rhoades and Wong-Staal, 2003). For a review see Fedor,

(2000).

1.1.5. VS RNA

This motif is found in RNA transcribed from the plasmid of a certain strain of Neurospora
(Kennell et al., 1995) and compared to all the self-cleaving RNAs the properties of this
ribozyme are most poorly understood. As with RNaseP, the ribozyme seems to recognize the
structure of the substrate largely as a helical domain without any sequence requirements
(Zamel and Collins, 2002) (for a review see Iafontaine et al., 2002). There are no reports of

its therapeutic use in the literature.



1.1.6. Hepatitis Delta virus

The hepatitis delta virus (HDV) is a viroid like satellite virus of the hepatitis B virus (Been
and Wickham, 1997) and is sometimes referred to as the “axehead” ribozyme. The genomic
and anti-genomic, both strands have catalytic domains. HDV has not been studied
extensively because of the difficulty in of obtaining high activity with the trans-cleaving

forms.

1.2.0. Hammerhead ribozyme

Of all the various motifs of ribozymes the hammerhead is the most well characterised motif
possibly due to its common occurrence and small size (Symons, 1994). Its smaller size (40-
50 nucleotides in length) also makes it more amenable to mechanistic investigation and
synthesis via automated, solid state chemistry (Wincott ef al., 1995; Usman and Stinchcomb,
1996). It is named hammerhead because its Australian discoverers found the secondary
structure, as originally drawn, to be reminiscent of the head of a hammerhead shark. The
hammerhead ribozyme was originally discovered as a self-cleaving RNA molecule in certain
plant viroids and satellite RNAs (Symons, 1992) and there are several reviews, which
describe the structure, function and potential utility of this RNA molecule (Phylactou, 2000;
Fritz et al., 2002; Butcher, 2001; Amarzguioui and Prydz, 1998; Engels et al., 1998; Birikh
et al., 1997).

1.2.1. Structure of the hammerhead

Several attempts have been made to determine the overall global conformation and detailed
atomic structure of the ribozyme using a variety of experimental techniques. These include
electrophoretic mobility (Bassi er al., 1995, 1996), electrical birefringence (Amiri and
Hagerman, 1996), fluorescence resonance energy transfer (Tuschl er al., 1995) and X-ray
diffraction (Pley er al., 1994). The hammerhead ribozyme, which is composed of a short
single strand of RNA, can be described as a molecule, which has three helices (stems I, II
and 111), a conserved central core and a stem Il-loop as shown in figure 1.1. Stems I and III
form the hybridising arms of the ribozyme and are essential for substrate recognition whereas
Stem 11 is connected to the catalytic core and has a loop at its terminal end. The 3-D structure

of the hammerhead ribozyme can be visualised as a wishbone or Y shape with stems I and II
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at the arms and the stem III at the base (Sigurdsson and Eckstein, 1995; Scott and Klug,
1996).

Cleavage site Substrate RNA strand
S’NNNNN G‘()vz Ul()'l C}']Nl_] NNNNNS‘
(I O | PiERE
INNNNN Cisz Ay N, , NNNNNY
A X
1 G Vs Gs Stem 1
Stem 11 Ay Ag
G Ay Gy Uy
Ciiimm Gio,
Ciiz2mm Gio2
G smm Cios
Gy1s mm Cro Stem JI
Apra G,
Loop 11
Gy Cuoa

Figure 1.1. Schematic representation of the hammerhead ribozyme in
complex with its complementary substrate. The ribozyme forms helix I with
its 5’arm and the substrate, helix Il with its 3’arm and the substrate, and
helix 11 with nucleotides joining Ay and G, In the ribozymes all the
nucleotides except for conserved Cs 1o Ay and G, and A5, can be
chemically modified. A" downward arrow shows the site of cleavage. The
subscripts next lo the letters for the nucleotides denote the standard
numbering system introduced by Hertel et al., (1992) for the Haseloff and
Gerlach, (1998) classic hammerhead ribozyme.

In order to facilitate comparison of data from different laboratories, a uniform numbering
system for nucleotides was introduced by Hertel er al., (1992) as shown in figure 1.1. In the
central core, nucleotides Gs, A, Gs, G2 and A5, are deemed conserved nucleotides of the
catalytic core and are essential for the catalytic activity of the hammerhead and any change
in these nucleotides completely destroys the catalytic activity (Ruffner and Uhlenbeck,
1990). These conserved central bases do not form normal Watson-Crick base pairs but

instead form more complex structures, which mediate RNA folding and catalysis.

1.2.2. Divalent ion requirement

Although evidently different in size, structure and mechanism of action, a common feature of
all the different ribozyme motifs is that they act as metalloenzymes . Divalent metal ions are
considered essential for the functioning of the ribozymes as they not only stabilise the

tertiary structure and but also participate in the catalytic reaction mechanism (Hanna and
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Doudna, 2000; Bratty et al., 1993). The most commonly used cation is the Mg2+ but other

) 2+ 2 )
ions such as Mn’", Ca**, Co”", and to a lesser degree Sr2" and Ba*" can also support catalysis.
1.2.3. Reaction mechanism

Despite the small size and extensive investigations the exact mechanism of hammerhead
catalysis still remains ambigous (for a review see DeRose, 2002). Generally, the
hammerhead ribozyme catalyses a trans-esterification reaction by cleaving the 3°-5°
phosphodiester bond between adjacent nucleotides, forming a cyclic 2°3° phosphodiester on
one nucleotide and free 5° hydroxyl on the other nucleotide (figure 1.2). According to Scott
and Klug, (1996), the proposed mechanism of action begins with deprotonation of the 2’
sugar at the 3’ side of the cleavage site by the magnesium-aqua-hydroxy complex. This
results in a nucleophilic attack by the resultant 2’_alkoxide on the adjacent phosphodiester

bond and subsequently protonation of the 5’-oxyanion leaving group, generating a 2°3’-

cyclic phosphate and a 5°-hydroxyl group.

O
O ase
ase
_ pe"
kHO*Mg o\ /o
5.Q OH ) P
~ o b
P O
O l +
O
2+
[OH‘MQ } L’\@/m HO
O1 OH Oé OH

ase

Figure 1.2. A schemalic representation of the hammerhead ribozyme catalytic mechanism (adapted
from Dahm et al., 1993).
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1.2.4. Sequence requirements of hammerhead

In order for the ribozyme to function it is a necessary requirement that the substrate
possesses a specific triplet in its sequence. Several researchers have reported different
cleavage triplets, GUC (Keese ef al., 1983), GUA (Miller et al., 1991) with the most
commonly found triplet being GUC. These observations led to the NUX rule. In this rule N is
any base, U is Uracil and X is any base except G (Zoumadakis and Tabler, 1995).
Investigation of the twelve possible combinations of the NUX motifs, showed that the
ribozyme has a strong preference for C as the third nucleotide and for A or G as the first

nucleotide (Shimaya et al., 1995).

1.2.5. Ribozyme functional strategy

A generalised representation of the ribozyme strategy is given in figure 1.3. As the diagram
shows the first step in the action of ribozymes is the co-localisation of the ribozymes with the
target mRNA, which is the substrate molecule. Stems I and III of the ribozyme hybridise

with the nucleotides on either side of the substrate cleavage site.

Ribozyme

O
3" \E—L_/S’ (A)n
mRNA — /\/

Ribozyme furnover
5’ @ l Cleavage

N | S 3
5' >
Dissociation ——% @ l 3

5 .
@ l mRNA degradation

:

\

_

y

5

(A)n

:

Figure 1.3. A schematic representation of the hammerhead ribozyme stralegy. Adapted from
Sioud and Leirdal, (2000).



In the presence of a divalent metal ion such as magnesium Mgz+, it adopts a reactive
conformation and positions itself to cleave the target (step 2) with a reaction mechanism as
described in section 1.2.3. In step 3 after the cleavage of the target the ribozyme dissociates
itself from the cleaved fragments and ribozyme makes itself available to hybridise with
another molecule (step 4). The step 5 shows further degradation of the cleaved fragments by

the cellular ribonucleases.
1.3.0. Ribozyme delivery strategies

In order to utilise ribozymes 1o down-regulate the expression of any gene it is important that
the ribozyme is delivered inside the cells to cleave the target mRNA. In this regard, the
ribozyme has to permeate through biological membranes such as the cell membrane and
endosomal membranes to co-localise with the mRNA. In this section an overview of the
various strategies employed for the cellular delivery of ribozymes 1s presented (for reviews
see Hughes et al., 2001; Akhtar ef al., 2000). These delivery strategies can be broadly
divided in to two principal categories, ex0genous and endogenous as schematically described

in figure 1.4.

Ribozyme-Gene

= Ribozyme m’—‘ Ribozyme-Gene

JVV = mRNA

Figure 1.4. A: shows the exogenous route of ribozyme delivery into cells. In step | pre-formed ribozyme
enters into the cell, 2 shows binding of ribozyme to mRNA, 3 shows the cleavage step. In the second
approach, which is shown in B; shows the endogenous roule. In step 1 a vector construct bearing the
ribozyme gene is inserted into the cell. In step 2 the gene is integrated into the host genome. In 3 the gene
is transcribed which is shown expressed in 4. In 5 the ribozyme hybridises to the targel mRNA. Step 6
shows the cleavage.
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1.3.1. Endogenous delivery

In this strategy the ribozyme is produced from within the cell by inserting a gene encoding
the ribozyme into the target cell using a vector as shown in figure 1.4B. This vector can
either be a plasmid or a virus containing a suitable promoter, which uses the transcriptional
machinery of the cell to express the gene in to a ribozyme. The level and duration of
ribozyme expression in the cell can be controlled by selecting a suitable promoter and type of
vector. To date three types of viral vectors namely retroviruses, adenoviruses and adeno-
associated virus have been used in different studies (reviewed by Lorens ef al., 2001;
Altman, 1993; Sullivan, 1994). Retroviruses and adeno-associated viruses result in stable
transfection whereas use of adenoviruses results in transient transfection of the gene. At
present retroviral vectors are the most utilized for delivering ribozymes into cells because of
high transduction efficiency and stable integration into the host cell genome. A critical
limitation is the inability, with the exception of Lentiviruses, to infect non-dividing cells
because the pre-integration complex cannot migrate to the nucleus in the absence of mitosis
(Bramlage er al., 1998). However, retroviruses have several disadvantages including a
limited tropism, low viral titre and the potential generation of replication competent virus

during packaging.

Adenoviruses are DNA viruses which exist in the host cell in an extra-chromosomal form
and provide only transient transfection of the gene and have been evaluated for the delivery
of ribozymes (reviewed by Ali ef al., 1994). It is suggested that these viruses should only be
used for the treatment of non-life-threatening acute diseases (Birikh et al., 1997). In
comparison to the retroviruses the adenoviruses have high transfection efficiency and
therefore produce high expression levels of the ribozymes. Adeno-virus vectors are easy to
produce in high titre and purity and infect a wide variety of dividing and non-dividing cells
(Lewin and Hauswirth, 2001). Nonetheless, recombinant adenovirus provokes both humoral
and cell-mediated immune responses that restrict its usefulness for human therapy (Chirmule,
2001). Finally, the endogenous strategy has two disadvantages, firstly, only unmodified
ribozyme is produced in the cell and secondly, the integration of the vector into the host
genome is a non-specific process raising the possibility of interruption of important gene
sequences or activation of oncogenes. For this reason, much research is being undertaken to

develop an efficient exogenous delivery system for nuclease stable synthetic ribozymes.
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e table of recent studies in which ribozymes were delivered
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1.3.2. Exogenous delivery

The second strategy for the cellular delivery of ribozymes is schematically represented in
figure 1.4A. In this strategy preformed ribozymes are introduced into cells to specifically
cleave target mRNAs. This strategy is far more flexible than the endogenous approach as it
has a number of advantages over the endogenous strategy. These include introduction of
chemically modified nuclease resistant ribozymes, potential for enhancing cellular
association, control of pharmacokinetics and pharmacodynamics, no risk of adverse effect on
the genome such as interruption of coding sequences or activation of proto-oncogenes as the
ribozymes are not integrated in the genome and can be considered as a form of
chemotherapy, low cytotoxicity, low risk of side-effects as ribozymes have high target
specificity, option of immediate withdrawal of treatment if severe side-effects develop and

finally localised delivery to tissues such as tumours and inflammatory sites.

Hammerhead ribozymes are ideal candidates for exogenous delivery due to their relative
smaller size and the recent availability of nuclease resistant ribozymes but in comparison to
other conventional drug molecules, ribozymes, which generally are 30 to 40 nucleotides in
length are large polyanionic molecules. Their highly polar nature reduces their ability to
traverse biological membranes. As a result the delivery of free ribozymes is a highly
inefficient process for cellular uptake of ribozymes (Fell et al., 1997; Bramlage ef al., 1999).
In order to overcome this limitation and improve the uptake of exogenously delivered
ribozymes several strategies have been investigated for use in delivering ribozymes. An

account of these strategies is given below:

As shown in the section 1.4.1.1 various modifications can be made to the functional groups
present on the ribozymes to increase the lipophilicity of these molecules in order to enhance
their membrane permeability. In this regard the 2° position on the ribose sugar has been
exploited for increasing the lipophilicity of the ribozyme by adding hydrophobic groups such
as allyl instead of the hydroxyl group on the ribose sugar (Lyngstadaas el al., 1995). Another
option of increasing lipophilicity is the addition of cholesterol at the 3’-end. It is thought that
this should result in an increase in uptake as there is an increase in adsorption of the
ribozymes via hydrophobic interactions with the cell membrane or mediated via the low

density lipoprotein receptor.
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Another extensively investigated delivery system is liposomes, which are micron sized small
spheres of phospholipid bilayer, which can either encapsulate nucleic acids within the
aqueous core or form lipid-nucleic acid complexes protecting them from nuclease attacks.
Liposomes are broadly categorised into cationic, neutral and anionic based on the type of
lipid used in their formulation. Although anionic and neutral liposomes have been studied for
nucleic acid delivery their poor encapsulation efficiencies has prevented their widespread use
(for a recent review see Tarl, 2000). Cationic liposomes, due to their positive charge have not
only high encapsulation efficiencies but also have high affinity for cell membranes that are
negatively charged under physiological conditions. As a result cationic liposomes and
lipoplexes (cationic lipid-nucleic acid complexes) have shown far greater success in
achieving biological effects in cell culture systems. An important prerequisite for the
effective utilisation of cationic lipids for nucleic acid delivery is optimisation of the charge

ratio between the lipids and the nucleic acids at a given dose.

It is considered that liposomes gain entry into cells via adsorptive endocytosis and the
ribozymes remain in endosomal vesicles within the cytoplasm (Prasmickaite et al., 1998),
which is not desirable as the ribozyme needs to be localised with the target mRNA in the
cytosol. Therefore it is necessary that the ribozymes be released from these endosomal
compartments. In order to facilitate this, many commercially available lipoplex transfection
agents, such as Transfectin or Cytofectin, contain a helper lipid such as DOPE which is an
inverted-cone shaped lipid thought to facilitate cytosolic release through the disruption of the
endosomal membrane (Farhood er al., 1992). A variety of novel modifications of liposomes
and lipoplexes have been investigated in order to improve the effectiveness of these delivery
systems. These include adding polyethylene glycol to avoid phagocytoses by the cells of
reticulo-endothelial system when administered in vivo (Klibanov, 1990) or pH sensitive
chemical moieties to produce pH sensitive fusogenic liposomes to enhance release of nucleic

acids from endosomes (DeOliveira, 1998).

There are two main advantages with liposomes and lipoplexes, firstly, the protection of
ribozymes from nucleases and secondly, enhanced uptake and localization of ribozymes in
the appropriate cellular compartments. Liposomal delivery of ribozymes also ensures that
they will not be degraded by lysosomal enzymes, a common problem with delivery of naked
DNA oligonucleotides once in the subcellular compartments. The disadvantage of these lipid

systems when used systemically is the cytotoxicity due to their overall positive surface
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charge which leads to unspecific interactions with cellular blood compartments, vessel
endothelia and plasma proteins such as albumin, immunoglobulin and complement factors
(Ogris et al., 1999). This cytotoxicity can be improved by rigorous optimisation of the lipid-
ribozyme complexes. Certain lipid complexes have been reported as being inactive in serum
medium, which is being addressed by developing new formulations of lipids, which are
active in serum medium. In terms of amount of ribozyme, taken up by cells with the aid of
lipids, there are no reports in the literature but efficacy of down-regulation of the target
mRNA and protein has been stated in studies which ranged from 50 to 70% as detailed n

table 1.2.

Microinjection is an invasive technique, which has been used for the delivery and evaluation
of efficiency of ribozymes in vitro. With microinjection the ribozymes can be directly
injected into the nucleus or specific compartments of the cytoplasm (Hormes et al., 1997).
This method is only experimental and cannot be widely used because of the need for
specialised equipment and skills and it can only be used on one cell and therefore ultimately

cannot be developed into a clinical grade delivery system.

Another approach for delivering ribozymes into cells, called receptor mediated delivery,
utilizes naturally existing transport systems like particular carriers and receptors to deliver to
cells. This strategy further allows targeting particular sub-sets of cells or to specific organs.
In a receptor mediated delivery model the ribozyme is attached to the ligand for the
receptors, which after binding 1o the receptor is internalised. An example of this is
conjugation of ribozyme with transferrin molecules which resulted in a 3-fold increase in

uptake mediated by transferrin receptors (Hudson et al., 1999).

The pharmacological effects of ribozymes whether delivered free or via a delivery system are
short lived due to metabolism, redistribution and rapid elimination of the ribozyme from the
cellular environment. In a pharmacokinetic study of a chemically stabilised ribozyme the
climination half life after intra-venous administration was 28 to 40 minutes (Sandberg et al.,
2000). Therefore in order to obtain clinically efficacious down regulation of the target
protein, repeated administration is required especially for targets with long half-lives.
However, repeated administration is not only undesirable in terms of time, labour and costs
but also leads to undesirable side-effects. A possible approach in improving the chemical

stability, pharmacokinetics and the pharmacodynamics of ribozymes involves the use of




sustained-release biodegradable polymer formulations. Sustained release of drug molecules
from these devices can be suitably controlled by careful selection of formulation parameters
like polymer chemistry, co-polymer ratio, shape and size of the device. The most widely
used polymers are polylactides and co-polymers of lactic acid and glycolic acid (PLGA). A

further extensive account of polymers is given in section 1.5.

The above-mentioned strategies are far from optimal and further studies on their
physicochemical and biological properties will provide valuable knowledge to develop
highly efficient and sophisticated delivery systems. An account of recent studies is given in

the next section in which ribozymes have been delivered exogenously.
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1.4.0. Limitations of the hammerhead ribozyme

Despite significant progress in the utilization of ribozymes in various model systems, there is
still need for greater optimisation of the structure and activity of ribozymes. Ribozymes due
to their large size and polar nature are not amenable for delivery across biological
membranes and compartments at the systemic, cellular and subcellular level. At the systemic
level any intra-venous or oral delivery results in the rapid degradation and clearance of
unmodified ribozymes. At the cellular level the uptake is hampered at the cell membrane
barrier, which only allows a poor and limited permeation across it. The final barrier in the
chain of delivery is endolysosomal compartments (Fell er al., 1997), which keep the
ribozymes sequestered inside and facilitate possible degradation of the ribozymes with the
net result of only a fraction of the administered dose reaching the site of action. Any
strategies that can address the above mentioned critical areas are likely to lead to successful
applications for ribozymes in the clinic. Below is a brief overview of steps taken to improve

upon the above-mentioned points.

1.4.1.1. Chemical modifications of the hammerhead ribozyme structure

A major obstacle in the development of ribozymes as therapeutic agents is the instability of
ribozymes in the biological milieu due to the destruction of ribozymes by the action of
RNases. Studies have shown that unmodified RNA is rapidly degraded by nucleases with a
half-life of an unmodified all RNA hammerhead ribozyme in human serum being less than
0.1 minute (Jarvis et al., 1996). For a significant progress in the development of ribozymes
as therapeutic agents, it 1s important that the stability of ribozyme is increased without
compromising the catalytic capacity. An increase in the sophistication of RNA synthesis has
lead to many novel chemical modifications of the RNA (for a review sce Usman and
Cedergren, 1992). This new technology allows site-specific chemical modifications in
ribozymes and facilitates the study of the effect of these modifications on the stability and
catalysis of ribozymes. From a structural point of view the possible chemical modifications
which can be made in ribozymes include as shown in Figure 1.4b:-

e Modifications of the sugar moiety.

e Nucleotide base modifications.

e Modification of inter-nucleotide linkages.
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%O‘ X =0H Unmodified ribonucleoside
@) Base H=H 2’-deoxynucleoside
X =0CH,; 2°-O-methyl ribonucleoside
X = NH, 2’-amino ribonucleoside
? X X=F 2’-fluoro ribonucleoside
Y—P=0 X = CH,CHCH, 2’-C-allyl ribonucleoside
5
O Base Y= O Phosphodiester
Y=S Phosphorothioate
0 X Y = CH,3 Methylphosphonate
% Y =NH, Phosphoramidate

Figure 1.4b General structure of ODNs with possible positions of structural modifications

The main source of structural instability in ribozymes is the 2°-OH functional group of the
ribose sugars especially of the pyrimidines, which forms the site at which RNases act to
cleave the ribozymes. It is thought that any attempt to replace this critical functional group
with an analogue would significantly enhance the efficacy of the ribozyme strategy. In this
regard many structural modifications of ribozymes have been evaluated in which the 2°-OH
group has been replaced with groups like > _Dexonucleotides, 2°-O-Methyl, 2°-0O-Alkyl, 2°-
Amino, 2’-Fluoro and 2’-Uridine at specific positions. In these studies it has been shown that
in simple ribozymes these modifications will lead to reduced degradation of ribozymes and
consequently improved stability. Taylor et al., (1992) replaced several ribonucleotides of a
hammerhead ribozyme by their corresponding 2’-Deoxy analogues in the hybridising arms

and observed increased resistance against nuclease digestion and enhanced catalytic activity.

Hendry et al., (1992, 1995) showed that a DNA-modified ribozyme had a higher rate of
cleavage and consequently a faster turnover compared to an all-RNA ribozyme. In another
study, the 2°-OH group of the ribose sugar was substituted with 2°-0-Methyl nucleotides at
all positions in a hammerhead except Gs, Gs, Ag, Ajsy and Gisz which resulted in a
thousand-fold increase in stability but lowered catalytic activity by a factor of 10° (Yang et
al., 1992). When nucleotides in stems I and 111 of the hammerhead were substituted with 2°-
O-Methyl nucleotides a four-fold enhanced stability and two-fold higher cleavage efficiency

was observed in comparison to an all RNA ribozyme (Goodchild, 1992).
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In a study by Paolella et al., (1992), nucleotides were substituted with 2°-O-Allyl analogues
except at positions Us, Gs, Ag, Gs, G2, and Ays resulting in a 5-fold decrease in catalytic
activity of the ribozyme in comparison to an all RNA ribozyme while the stability of this
ribozyme in bovine serum was increased substantially with intact ribozyme still present after
7 hours. Pieken ef al., (1991) substituted all the pyrimidine nucleotides with 2°-Amino or 2’-
Fluoro analogues which resulted in 25-50-fold decrease in activity and a 1200 fold increase
in stability in rabbit serum compared to the unmodified ribozyme. Modifications at the 2°-
OH positions of ribozymes do not provide for adequate stability as they are still susceptible
to degradation from the exonucleases and for this purpose another modification has been
investigated. This involves introducing phosphorothioate linkages between selective
nucleotides or on terminal nucleotides. To address this Shimayama et al., (1993) prepared a
chimeric DNA-RNA ribozyme with 21 phosphorothioate substitutions which showed a 100-
fold increase in stability relative to the all RNA ribozyme but the catalytic activity of these

chimeras were reduced 15 fold compared with the wild type.

A modified ribozyme containing four 3’_terminal phosphorothioates in addition to 2’-
modification of all pyrimidines was shown 1o be stable in undiluted fetal calf serum for at
least 24 hours (Heidenreich et al., 1994). Phosphorothioate linkages, which are widely used
in typical DNA-based antisense molecules, can promote non-specific binding to cellular
proteins and other biomolecules (Henry et al., 1997). However, ribozymes containing a
limited number of phosphorothioate linkages are less promiscuous in their interactions
(Usman and Blatt, 2000). Other possible additions to the ribozyme structure to protect
against 3’-exonucleases has been the addition of hairpin structure at the 3’-end (Sioud ef al.,
2002) or an inverted thymidine residue at the 3’_end. The inverted thymidine residue is more
desirable than the hairpin structure as it greatly reduces the size of the ribozyme (Beigelman
et al., 1995a). However the most important work on the modification of ribozymes to
optimise nuclease resistance and catalytic activity has been that of Beigelman e al., (1995b).
In this investigation a systematic study of selectively modified 36-mer hammerhead

ribozymes was carried out.

The researchers identified a generic, catalytically active and nuclease stable ribozyme motif
containing 5 ribose residues, 29.30 2°-O-methyl nucleotides, 1-2 other 2°-modified uridine
nucleotides at positions Uy and U- and an inverted nucleotide at the 3’-end. These structural

modifications without the 3°-end cap retained the catalytic activity and had a serum half-life
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of 5 to 8 hours in a variety of biological fluids including human serum. The addition of a 3°-
3" nucleotide cap (inverted thymidine) did not affect catalysis but increased the serum half-
lives of these ribozymes to greater than 260 hours. The chemistry and structure of ribozyme

used in this thesis is based on their conclusions.

1.4.1.2. Optimisation of hammerhead binding arms

A large set of studies has been carried out to optimise the size of the stems and catalytic core
of the hammerhead ribozyme as there are several advantages associated with minimising the
size of the ribozymes. These include: 1) reduction in the cost of synthesis for exogenously
delivered ribozymes, 2) enhanced biological membrane permeability with small sized
ribozymes due to reduced number of polar groups, 3) greater substrate turnover rate with

smaller ribozymes as the ribozyme-substrate complex dissociation is faster.

However, any steps taken for the optimisation by reducing the number of nucleotides have
serious implications for two important parameters of ribozymes, cleavage rate and
specificity. Both of parameters are highly dependent on the number of nucleotides on the
hybridising stems of the ribozyme. Ribozymes forming a large number of base pairs with the
substrate are unlikely to turnover rapidly in comparison to ribozymes with short arms due to
strong hybridisation but have greater specificity. In contrast short stem ribozymes have
greater turnover but poor specificity. In regard to specificity the number of base pairs formed
between the ribozymes and substrate should be large enough to make the target sequence
unique but not so large that imperfectly matched substrates form stable complexes
(Herschlag, 1991). Statistically about 13 nucleotides are required to uniquely define a

particular site in a mRNA pool in a mammalian cell (Hendry e/ al., 1998).

In terms of optimisation there are two strategies available to optimise the size of the
ribozyme. The first involves shortening the hybridising stems (III and 1) of the ribozyme, and
the second is to reduce stem and loop II. For short substrates less than 20 nucleotides the
optimal length of stems I and III seems to be in the range of 6 to 7 nucleotides (Jarvis et al.,
1996). In another study a 10-fold increase in cleavage rates was observed by reducing the
lengths of hybridising stems by 20 to 12 nucleotides for a ribozyme directed against the HIV-
1 virus RNA (Goodchild and Kholi, 1991). In the case of long substrates with extensive

secondary structure, it was thought that longer flanking arms are desirable in order to reduce
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hybridisation at incorrect sites along the transcript provided that the turnover rate is not
adversely affected. However in a study of ribozyme flanking stem lengths for long substrates
it was shown by Lieber and Strauss, (1995) that optimal length should be in the range of 6 to
8 nucleotides, the same as short substrates. Hormes et al., (1997) concluded that for efficient
association and dissociation in vitro the optimal length has been estimated to be 6 to 8
nucleotides on either side of the catalytic domain. However this observation may not hold
true in all cases as in one study a conventional ribozyme with symmetrical stems of 8

nucleotides failed to cleave in vitro (Tabler er al., 1994).

The use of hybridising stems with unequal number of nucleotides has in cases unexpectedly
shown increased turnover. Ribozymes with this design are referred to as asymmetrical
ribozymes and the binding with the substrate is controlled by one stem only. Hendry and
MecCall, (1996) investigated the cleavage rates of a series of ribozymes with asymmetric
flanking arms where stems 1 and III consisted of 5 and 10 nucleotides and found that
ribozymes with shorter stem I cleaved their substrates up to 130-fold more rapidly than
asymmetric ribozymes with shorter stem IIl. Tabler er al., (1994) investigated the effect of
length of the two stems on the activity of an HIV-1 targeted ribozyme. The length of stem I
was systematically decreased while simultaneously increasing the length of stem III.
Interestingly, they found a three nucleotide stem I with a stem III of 280 nucleotides to be
sufficient for catalytic activity. Along with the size of the flanking arms, specificity may be
increased by choosing an A + U-rich recognition sequence as the weaker binding energy of
the A-U base pair compared with the G-C base pair is expected to increase dissociation rates
(Herschlag, 1991). Helix II that comprises a stem and loop is the only helix in the
hammerhead that is not directly involved in substrate binding. The stem and loop of this

helix cannot only be minimised but can be totally eliminated.

Tuschl and Eckstein, (1993) performed a systematic study in which the length and base
composition of helix Il was varied. They ascertained that the minimum length of stem II was
two base pairs and there was a requirement for a conserved G-C pair (Gjo-Cyy ) for
maximum catalytic activity. Further reduction in length of the stem led to reduced activity.
Inversion of the G-C pair also caused loss of activity, even with a 4 base pair stem. The first
two base pairs of helix II are essential for catalytic activity as they probably promote folding
of the catalytic core and stabilise tertiary structure (Sigurdsson and Eckstein, 1995). In some

cases the helix II is completely removed and the conserved nucleotides Ag and G, are linked
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by linkages, whether nucleotides or non-nucleotides and cleavage was still seen. When the

linker contained 13 atoms, slow cleavage rate was observed whereas more reasonable rates

were seen with linkers containing 25 atoms (Hendry et al., 1994).

3NNNN NA;s; Ny; NNNNNS5
Ans C; Uy Gs
Az Ag
Gn Ag Gy Uy
CG
U u
U u

Figure 1.5. Schematic representation of a miniribozyme, in
this structure the helix 11 is replaced by single GC base pair
(Adapted from Hendry et al., 1998).

Further progress in the attempts to reduce the helix II has been the development of

minizymes and mini-ribozymes. Mini-ribozymes are ribozymes in which the helix II is

replaced with a sequence 5rGUUUUC joining Ag and G2 as shown in figure 1.5. A mini-

ribozyme with a loop sequence of 5’UUUG was evaluated for cleavage rate constant and was

found to have a value of about 10% that of the parent ribozyme (Long and Uhlenbeck, 1994).

A ribozyme in which the helix and loop is replaced by a linker that has no Watson-Crick

base pairs is called a minizyme. Figure 1.6 is a schematic representation of a minizyme. In

this structure the entire helix II is eliminated and the bases Gy, and Ag are connected by a

linker composed of nucleotides.

-
3’NNNN N Ajs) N,; NNNNNJ5’
A C; Uy Gs
Az Ag
G2 Ay Gg Uy
T G
T T
T

Figure 1.6. Schematic representation of a minizyme, in this
structures the entire helix 11 is removed (Adapted from

Hendry et al., 1998).
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The first minizymes synthesized were about 100 fold less active than analogous standard
ribozymes in cleaving short substrates (Tuschl and Eckstein, 1993). However, minizymes
like miniribozymes are better than standard ribozymes in cleaving long RNA transcripts
(Hendry et al., 1995) in vitro. Careful analysis of the various optimisation studies show that
the 5°arm of the nucleotide should be approximately 5 to 7 nucleotides long and the 3* arm is
not limited in the number of nucleotides but should not be too long to adversely affect the
turnover rate by forming stable ribozyme-substrate complex or adopts an unnecessary folded

conformation. The optimum helix II must have at least two nucleotides.

1.4.1.3. Target site selection.

A critical step in the design of ribozyme molecules for suppression of gene expression is the
-dentification of sites within the mRNA transcripts, which are accessible for hybridisation by
ribozymes. Identification of such accessible sites is difficult because long RNA transcripts
and their intracellular protein complexes have extensive secondary and tertiary structures,
which may severely limit the accessibility of potential target sites (Xing and Whitton, 1992).
This problem is further complicated by the fact that the biophysical principles governing the
folding of RNA-protein complexes are not clearly determined. However, despite this there
are several methods, which have been used to determine accessible sites with varying
degrees of success. These include, computer programmes for predicting RNA secondary
structure, the use of DNA oligonucleotides libraries followed by digestion with Eschericia

coli RNaseH, oligonucleotide scanning arrays and random ribozyme library approaches.

In the first method, site selection is based on secondary structure prediction using RNA
folding programmes exemplified by MFOLD (Zuker, 1989a), SAPSSARN (Gaspin and
Weshof, 1995) and ESSA (Chetouani et al., 1997). MFOLD (Genetics Computer Group,
Madison, WI) is the most widely used from these programmes as it generates several sub-
optimal secondary structures which may differ significantly from each other in their folding
but differ only slightly in energy (Zuker, 1989b). Analysis of studies using this method
shows that this method has not shown any success in predicting accessible or inaccessible
sites on mRNA (Ho et al., 1998), (Sohail et al., 1999). This is because of two reasons firstly
because the algorithms used in these programmes do not fully predict the tertiary structure of

the ribozymes and secondly the RNA-folding programmes do not take into account the
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modulating activity of RNA binding proteins (Herschlag er al., 1994; Tsuchihashi et al.,
1993).

The second most widely used method is RNaseH mediated assays which are based on the
principle that a short strand of DNA which is able to bind to a mRNA transcript can only do
so if that site is accessible and this resultant heteroduplex will activate RNaseH which in turn
cleaves the RNA part of the heteroduplex and therefore rendering it useless. The cleaved
fragment can then be amplified with PCR and separated by polyacrylamide gel
electrophoresis and the exact cleaved site can be worked out on the transcript mRNA (Scherr

and Rossi, 1998; Scherr et al., 2001; Langlois et al., 2003).

The third method in identifying accessible sites is the use of scanning oligonucleotide
approach, in which arrays comprising of large numbers of oligonucleotides, complementary
to the regions on the target mRNA, are synthesized in spatially addressed areas on a solid
surface like glass. These oligonucleotides are hybridised with radio-labelled transcript and
hybridisation patterns obtained by exposure of arrays to an imaging system. Individual
oligonucleotides sequences on the scanning array are identified with a computer programme
such as XVSEQ (Elder ef al., 1999) and oligonucleotides which show strong binding are
taken and accessible cleavage sites are detemined. These scanning arrays have been

successfully used to design effective ribozymes for targeted RNA inactivation.
The fourth approach is a combinatorial approach in which a library of random sequences of

various types of ribozymes have been generated to map accessible sites in a RNA (Pierce and

Ruffner, 1998; Yu ef al., 1998).
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1.4.2. Therapeutic applications of hammerhead ribozymes

Adaptation of ribozymes to act in trans by Haseloff and Gerlach, (1998) to selectively cleave
any target mRNA led to the hope that ribozymes can be therapeutically exploited to eliminate
the expression of undesirable genes. Since then ribozymes have been used as biological tools
for gene function analysis and as potential targeted therapeutics for the inhibition of
undesirable genes with varying degrees of success in a variety of organisms including
bacteria, yeast, plants, amphibians, flies and mammals (Rossi, 1998). This intense focus on
ribozymes as a form of targeted therapeutics arises from the several useful attributes, which

ribozyme molecules possess. These include:

1. Target selectivity, based on the Watson-Crick base-pairing of the ribozyme binding arms
with sequences on either side of the cleavage site of the substrate. These can be modified to

target any mRNA.

2. Specificity of the cleavage site as the ribozyme only cleaves at a site if there is a NUX

sequence as described in section 1.2.4.

3. Cleavage of the target mRNA rendering it unsuitable for the translational machinery of the

cell.

4. Multiple turnover of substrate. The ribozyme dissociates from the target mRNA after
cleavage and hybridises with another molecule therefore exhibiting true enzymatic behaviour

by acting on many substrates.

Below is a selective table of various studies in which ribozymes have been used to down-

regulate the expression of various genes in various disease model systems in vifro and vivo.
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1.4.3. Clinical trials of Ribozymes

There are currently several exogenously delivered ribozymes being investigated in clinical
trials. The first is ANGIOZYME™, which was co-developed by Ribozyme Pharmaceuticals,
Inc.(RPI) and Chiron Corporation, that inhibits the process of new blood vessel formation
(angiogenesis), which is critical for the growth and spread of tumours. ANGIOZYME™ has
been designed to specifically cleave the mRNA for the VEGFR-1, a key receptor in tumour
angiogenesis. Several studies have been conducted to assess the efficacy of ANGIOZYME™
in animal models of cancer and in these models, ANGIOZYME™, has been shown to inhibit
primary tumour growth and metastasis by reducing blood vessels in treated animals.
Preliminary data are available from a Phase I/Il human clinical trial in which 31 patients
were treated with a variety of late stage tumours with once daily dosing for at least 29 days.
The ribozyme was well tolerated and it demonstrated that it could be conveniently
administered by subcutaneous injection at home by the patient. A phase II trial is now being
planned to further assess safety, clinical efficacy and pharmacokinetics of this ribozyme
alone and in combination with paclitaxel and carboplatin in patients with breast and

metastatic colorectal cancer (www.rpi.com/angiozyme).

The second ribozyme, which is being assessed, is HEPTAZYME™, which is targeted against
Hepatitis C virus that causes a chronic infection leading to cirrhosis, liver failure and
hepatocellular carcinoma over a period of 10 to 20 years. In the HEPTAZYME™ clinical
trial, this ribozyme is being evaluated alone and in combination with interferon alfacon-1
(INFERGEN®), in patients who have not previously had any interferon and/or ribavirin
preparation (www.rpi.com/antihev). Another ribozyme called HERZYME™ is currently in
phase 1 clinical trials after pre-clinical toxicology studies in mice and monkeys have
demonstrated extremely safe profiles. This ribozyme is being developed by Medizyme
Pharmaceuticals Ltd to target human epidermal growth factor-2 (HER-2) mRNA, which is a
key signal pathway receptor over-expressed in several types of cancer cells

(www.rpi.com/herzyme).



1.5. POLYMERS

Successful therapeutic application of ribozymes is hampered by poor biological stability,
limited cellular uptake and rapid in vivo elimination kinetics of ribozymes as described in
section 1.3.0. Currently there are several strategies which are being explored to overcome
these biopharmaceutical limitations as described in section 1.4.0. In this section a selective
account of one of these strategies involving biodegradable polymers, which are being
investigated extensively as delivery systems, is presented with a particular focus on PLGA

polymers.

Polymers have been studied with great interest over the last twenty years for use as carriers
in the drug delivery of a variety of molecules such as proteins (Cohen ef al., 1991), nucleic
acids (Akhtar and Lewis, 1997) antivirals (Conti et al., 1997) and a wide range of other
applications such as implants (Kulkarni et al., 1966), sutures (Cutwright ef al., 1971),
prosthetics (Hoffman, 1977), orthopaedic repair material (Lenslag et al., 1987)(for reviews
see Langer and Pappas, 1981; Holland and Tighe, 1986, Hayashi, 1994; Vert et al., 1994).

From drug delivery perspective polymers offer several advantages as enumerated below:

1). Controlled and sustained delivery of biologically labile drug molecules in a physically
intact form.

2). Site-specific administration to target organs or sites of disease such as tumours.

3). Reduced utilization of drug in comparison to systemic delivery resulting in minimisation
of possible side-effects and enhanced efficacy (Fournier et al., 1991).

4). Systemic administration of polymer microspheres via the intravenous route enables
passive targeting to the liver and other reticuloendothelial organs (Davis et al., 1993; Le Ray
et al., 1994; Nakada et al., 1996).

5). Elimination of the need for device retrieval after completion of drug release in case of

biodegradable polymers.

To date polymers of a large variety of chemistries such as ethylene-vinyl acetate (Langer and
Folkman, 1976) polylactic acid, polylactide-co-glycolide, polyhydroxybutyrate,
polyanhydrides (Rosen e/ al., 1983), polyorthoesters (Wuthrich et al., 1992) and

polyalkylcyanoacrylates (Couvreveur and Puisieux, 1992) have been evaluated for drug
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delivery. In the next section a detailed overview of the delivery systems formulated from the

copolymer of lactide with glycolide is presented.
1.5.1. Polylactide-co-glycolide (PLGA)

Polylactide-co-glycolide 1s a biodegradable copolymer of lactic acid with glycolic acid and is
one of the most widely investigated and used polymer as evidenced by its use in a variety of
medical and pharmaceutical applications including wound closure, dental repairs, fracture
fixation, sutures, ligament reconstruction and drug delivery (for reviews see Lewis, 1990;
Okada and Taguchi, 1995). Its long history of use has demonsﬁ‘ated its biocompatibility and

degradation to toxicologically acceptable products (Veziers ef al., 2001).

— = — —
H O H O
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Figure 1.7. Structural formula of PLGA polymer. LA is the lactic acid monomer
and GA is the glycolide monomer. n= number of lactide monomers and m=
number of glycolide monomers. Adapted from (Smith, 2000).

PLGA polymer systems have received FDA approval and are in commercial use for the
treatment of advanced prostate cancer and endometriosis. Licensed products containing
PLGA include Lupron Depot® (Leuprolide acetate), Zoladex®, Zoladex LA® (Goserelin
acetate), Decapeptyl® (Triptorelin), Parlodel LA® (Bromocriptine), Suprefact® (Buserelin)

and Prostap® (Leuporelin).

Chemically, PLGA polymers (figure 1.7) are generally classified as aliphatic polyesters,
poly(c-hydroxy acids) or polylactones and on the basis of molecular weight can be
categorised into low MW polymers (= 3,000 Da) and high MW polymers (> 10,000 Da).
Low MW polymers are synthesized directly from lactic acid and glycolic acid by
condensation polymerisation (Hutchinson eZ al., 1985) reaction at a high temperature of 130-

190°C with Antimony Oxide as a catalyst (Avgoustakis and Nixon, 1991). In contrast for

53




high molecular weights the preferred method for synthesis is the ring opening polymerisation
of the cyclic diesters (lactides and glycolides) using Antimony, Lead or Tin as catalysts (Rak
et al., 1985; Marcote and Goosen, 1989). The physicochemical properties of the low MW
polymers limit their biomedical applications as their mechanical strength is quite low and
they have a rapid degradation rate. These properties make low MW copolymers ideal for
formulating drug delivery systems with controllable degradation rates and no requirement of
high mechanical strength (Sakakura ef al., 1992), (Wada et al., 1991), (Yoshikawa et al.,
1998).

1.5.2. Degradation of PLGA

PLGA polymers undergo degradation through hydrolysis of ester linkages in both in vivo and
in vitro environments (Spenlehauer er al., 1989) and the kinetics of hydrolysis are strongly
influenced by many factors including MW, pH, temperature, surface structure, crystallinity
and the presence of impurities and additives. Biodegradation of the PLGA polymer takes
place in four steps (Kumar, 1987). In the first step the polymer absorbs water and undergoes
some swelling. The water penetrates in to the amorphous region of the polymer and disrupts
secondary and tertiary structures that have been stabilised by Van der Waals forces and
hydrogen bonds. In the second step of biodegradation, cleavage of the covalent bonds in the
polymer backbone by hydrolysis begins generating soluble monomeric and oligomeric
products. These degradation products leave the bulk polymer through the various channels
and holes resulting in weight loss of polymer (Hutchinson and Furr, 1985; Vert ef al., 1994)
further enhancing water uptake and increasing porosity. As hydrolysis proceeds, increasing
amounts of carboxylic acid end groups are generated. These free carboxylic groups may
autocatalyse the hydrolysis reaction, which accelerates biodegradation. A loss of mechanical
strength in polymeric devices 1s observed at this stage. The third step of biodegradation is
characterised by a massive cleavage of the backbone covalent bonds. In the fourth step, the
polymer loses mass, which may occur simply by the solubilisation of oligomers in to the
surrounding medium. As solubilisation proceeds, the density of the mass decreases until the
polymer disappears. Any polymeric fragments that remain are further hydrolysed in to the

free acids.

The rate of hydrolysis of the copolymer increases with increasing glycolide content and

reaches a maximum when the lactide to glycolide ratio reaches 50:50 (Miller et al., 1977).
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The reduction in polymer hydrophobicity when the lactide content is reduced from 100% to
80% results in an increased hydrolysis rate (Floy ef al., 1993). Most hydrophobic and
crystalline polymers exhibit a relatively slow degradation rate due to the low hydration
degree in microspheres (Park, 1994). The hydrophobic nature of LA causes a steric
hindrance to attack by water molecules, and thus the LA moieties are less hydrolytically
labile than GA moieties, and are therefore degraded slower compared to the latter. Polymer
degradation is accelerated in both strongly alkaline and acidic media (Makino et al., 1985;

Chu, 1981).

Degradation produces lactic and glycolic acid monomers along with carboxylic acid. The
fate of these products in vivo is shown in fig 1.8. As LA is a natural metabolic product in all
higher animals it enters the tricarboxylic acid cycle, and is metabolised and eliminated from
the body as carbon dioxide and water (Wang et al., 1990). GA is a component of several
neutral mucopolysaccharides in animal tissues. It can be excreted unchanged by the kidneys

or enter the tricarboxylic acid cycle and be eliminated as carbon dioxide and water.

Poly(Lactic Acid) Poly(Lactide-co-glycolide) Poly(Glycotic acid)
Lactic acid Glycolic acid
’\——-0 Excretion by kidney
! |
CO, and H,0

Figure 1.8. A schematic representation of the metabolism and excretion of
biodegradation products of PLGA polymers in vivo. Adapted from Khan, (1999).




1.5.3. Polymer-mediated CNS delivery

Drug delivery to the CNS remains a challenging area of research as there is still a lack of a
robust drug delivery system to deliver molecules to discrete functional regions of the brain at
controlled rates (Tamargo and Brem, 1992). As pharmacokinetic studies have demonstrated,
large polyanionic molecules like ribozymes have negligible uptake in the central nervous
system due to the presence of the formidable blood brain barrier (Pardrige, 2002). It was
hoped that strategies involving direct injection of drugs like nucleic acids in the central
nervous system may over-come the problems of delivery posed by the BBB. Unfortunately
this strategy achieved limited success due to the rapid disappearance of the injected molecule
from the target site due to dispersion and diffusion resulting in poor uptake and retention in
cells (Morris and Lucion, 1995; Ogawa et al., 1995). In order to overcome this problem
several studies have attempted to encapsulate the molecules in biodegradable polymers to
obtain controlled and site-specific drug release for a required duration of time. One such
attempt, which established the proof of the principle, involved the development of a
polyanhydride implant wafer, Gliadel®, composed of the polymers, 1,3-bis  (p-
carboxyphenoxy) propane (CPP) and sebacic acid (SA).

Gliadel wafer incorporates carmustine (BCNU), which is a potent anti-cancer drug especially
effective against glioblastomas (Wang e/ al., 2002). The polymer in this formulation protects
the BCNU from degradation and provides a sustained release up to 2-3 weeks which in free
form has a half-life of ~ 12 min in serum (Brem and Gabikien, 2001). The safety and
efficacy of Gliadel has been investigated in several clinical trial studies and has regulatory
approval in 22 countries. A study involving 240 patients showed that median survival of
patients was 60 weeks in the Gliadel treatment group in comparison to 50 weeks in the
placebo group (Westphal et al., 2000). However, a major limitation of this strategy is the risk

of development of drug resistance to the chemotherapeutic agent, BCNU.

Another widely studied synthetic polymer, which was investigated in this thesis, for
incorporating drugs is PLGA which has been shown to be non-toxic, biocompatible and safe
in the central nervous system (Menei ef al., 1993). This polymer is formulated as

microspheres which are emerging as promising systems for drug delivery to the brain which
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due their small size can be easily implanted in discrete, precise and functional areas of the
brain without damaging the surrounding tissue by stereotaxy (Menei et al., 1994). This
method is far superior to the insertion of large devices such as monolithic implants by open

surgery and can be repeated if necessary.

Below is a list of various studies in which neuroactive macromolecules of different classes
have been incorporated in various implantable polymeric devices for localised and controlled
release site-specific delivery to the central nervous system. Finally the need for a robust
delivery system for the central nervous system is becoming more urgent to treat secondary
metastatic brain tumours as more and more systemic anticancer therapies become available.
As effective systemic therapies will provide complete cancer eradication if the risk of relapse

in the central nervous system is reduced.
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1.6. RIBOZYME RPI1.4782.

In this study the ribozyme used is a hammerhead ribozyme designated RPI 4782 (figure 1.9),
which was synthesized by Ribozyme Pharmaceuticals Inc, Boulder, Colorado, USA. It is a
37mer hammerhead ribozyme with the following sequence:

5°.UGU GUG UCU GAU GAG GCC GAA AGG CCG AAA CUG AACT-3”

3-it
c
a
a
g
u
c
A
a
a
a G
a g geece
a ccgeg u g ou g u g u-S
g a c
G U
Uu G
A

Figure 1.9. Chemical modifications applied Lo ribozyme RP1.4782. (1) Uppercase indicates
2 -hydroxyl (ribo) nucleotides. (2) Lowercase indicates 2’-O-Methyl nucleotides. (3) U
indicates 2 -amino at positions U4 and U7. (4) it indicates inverted Thymidine. The subscript
‘s’ on the four nucleotides near the 5’-end indicates the phosphorothioate linkages on these
nucleotides.

This ribozyme is designed against the 3° untranslated region of the EGFR mRNA. The First
four nucleotides from the 5° side have phosphorothioate internucleotide linkages. All the
nucleotides that are shown by lowercase have 2° O-methyl modifications on their bases. The
nucleotides, which, are underlined, have 2°-NH, modifications. All nucleotides, which are in
upper case, are unmodified RNA nucleotides. These modifications are made to increase the
stability of the ribozyme. The ‘it” at the 37 site shows an inverted thymidine group, which is

added to prevent degradation due to 3’exonucleases.




1.7. EPIDERMAL GROWTH FACTOR RECEPTOR

The ribozyme RP1.4782 used in this study targets the 3’untranslated region of the epidermal
growth factor receptor mRNA therefore a brief synopsis of the epidermal growth factor

receptor (EGFR) is provided below.

The epidermal growth factor receptor (EGFR) is a 170 kDa transmembrane glycoprotein
consisting of an extracellular ‘ligand” binding domain, a transmembrane region and an
intracellular domain with tyrosine kinase activity (Kung er al., 1994). The binding of growth
factors to EGFR results in dimeric ligand-receptor complex formation, phosphorylation of
the intracellular domain of the receptor and other protein substrates, leading ultimately to
DNA synthesis and cell division. The external ligand binding domain is stimulated by
epidermal growth factor (EGF) and also by TGFa, Amphiregulin and some viral growth
factors (Modjtahedi and Dean, 1994).

EGER is encoded by the gene c-erbB1, which is located on chromosome 7. Recent studies
have shown that the EGFR is over expressed in a number of malignant human tissues when
compared to their normal tissue counterparts (Khazaie et al., 1993). An important finding has
been the discovery that the gene for the receptor is both amplified and over expressed in a
number of cancer cells. Over expression of EGF and TGFa, suggest that an autocrine
pathway for control of growth may play a major part in the progression of tumours (Sporn
and Robert, 1985). It is now widely believed that this is a mechanism by which tumour cells

can escape normal physiological control.

Growth factors and their receptors appear to have an important role in the development of
human brain tumours. A high incidence of over expression, over amplification, deletion and
structural rearrangement of the gene coding for the EGFR has been found in biopsies of brain
tumours (Ostrowski et al., 1994). In fact the amplification the EGFR gene in glioblastoma
multiforme tumours is one of the most consistent genetic alterations known, with EGFR
being over expressed in approximately 40% of malignant gliomas (Black, 1991). It has also
been demonstrated that in 50% of glioblastomas, amplification of the EGFR gene is

accompanied by the co-expression of mRNA for at least one or both of the growth factors

EGF and TNFa (Ekstrand et al., 1991).
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The amplified genes are frequently rearranged and associated with polymorphism leading to
abnormal protein products (Wong ef al., 1994). The rearrangements that have been
characterised usually show deletions of part of the extracellular domain, resulting in the
production of an EGFR protein that is smaller in size. Three classes of deletion mutant EGF
receptor genes have been identified in glioblastoma tumours. Type I, mutants lack the
majority of the external domain, including the ligand binding site, type I1, mutants have a
deletion in the domain adjacent to the membrane but can still bind ligands and type IIL,
which is the most common and found in 17% of glioblastomas, has a deletion of 267 amino

acids spanning domains [ and IT of the EGFR.

In addition to glioblastomas, abnormal EGFR expression has also been reported in a number
of squamous epidermoid cancers and breast cancers (reviewed in Kung et al., 1994).
Interestingly, evidence also suggests that many patients with tumours that over express
EGFR have a poorer prognosis than those who do not (Khazaie et al., 1993). Consequently,
therapeutic strategies, which can potentially inhibit or reduce the aberrant expression of the

EGF receptor, are of great interest as potential anti-cancer agents.
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1.8. AIMS AND OBJECTIVE

As recounted above ribozymes due to their high molecular weight, polyanionic character and
chemistry have poor biological stability, limited cellular uptake and inappropriate subcellular
localisation and to become successful therapeutic agents need further development. These
limitations of ribozymes are further accentuated when ribozymes are designed against
biological and pathological targets in the central nervous system. It was the aim of this report
to characterise the extent and mechanism of cellular delivery of ribozymes in cultured
neuronal and glial cells from rats and humans and to investigate any potential difference in
the uptake characteristics between the two species and type of cells with a view to design
polymeric delivery systems to optimise the cellular association of ribozymes. It was further
aimed to evaluate the cellular association characteristics after incorporation of ribozymes in
polymeric microparticle delivery systems. Finally, it was aimed to evaluate the extent of
distribution of ribozyme incorporated in polymeric microspheres after localised injection in
comparison to free ribozymes with respect to time and region of the brain, which is the target
organ for the glioblastoma or neuroblastoma directed therapies. In order to achieve the above
aims following specific objectives were laid out:

1. To investigate the stability of the ribozyme RPI. 4782 in vitro and in vivo after ICV
injection.

2. To characterise the cellular association of ribozyme as a function of time, temperature, pH,
metabolic, competitive inhibitors, efflux patterns and intracellular localisation in glial and
neuronal cells in vitro of human and rat species

3. To identify ribozyme binding cell membrane proteins as potential carriers for mediating
cellular uptake of ribozymes.

4 To formulate and characterise a delivery system of PLGA polymer to provide a sustained
release of ribozyme and enhanced stability in vitro and to study the extent of microsphere
entrapped ribozyme uptake in cultured cells with respect to time, temperature, metabolic
inhibitors and pH.

5 To evaluate the distribution of the free and polymer entrapped ribozyme after 1CV

injection in terms of time and space.
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CHAPTER TWO

MATERIALS AND GENERAL METHODS

General methods and materials, which were routinely utilized in the experimental work for
the preparation of thesis, are described in this chapter. Specific details and variations to the

standard procedures are outlined in the relevant chapters.

2.1. MATERIALS

All chemicals used were of the highest grade available from Sigma-Aldrich Company Ltd
(Poole Dorset, UK) unless otherwise specified. All reagents were used as received without

further purification.

Cell culture reagents and media were purchased from Life Technologies Inc (Paisely, UK).
Tissue culture flasks, multi-well tissue culture plates, 15mL and 50mL polypropylene tubes
were purchased form Becton Dickinson and Company (Plymouth, UK). Disposable pipettes,
microcentrifuge tubes, Finnipipette tubes, Finnipipette tips and 1.5 mL Biofreeze vials were

purchased from Sarstedt (Leicester, UK)
The ribozyme used in this study was kindly provided by Ribozyme Pharmaceuticals Inc.
(Boulder, Colorado, USA) and was given the number RPI. 4782. It is a 37-mer hammerhead

ribozyme with the following sequence:

( 5’-UGUGUGUCUGAUGAGGCCGAAAGGCCGAAACUGAACT—3’ )
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2.2. General Methods

2.2.1. Precautions for handling RNA

Once deprotected, RNA is highly susceptible to degradation by the action of 2’-hydroxyl
dependent ribonucleases. These ribonucleases (RNases) are present on the surface of the skin
and are often present on laboratory glassware and plastic-ware. Stringent aseptic handling is,
therefore required to minimise the action of these RNases. As a result, following precautions

were taken:

All glassware and plastic-ware was treated with 0.1% (v/v) Diethyl pyrocarbonate (DEPC)—
water before use, as DEPC is a strong in-activator of most ribonucleases. The plastics and
glassware were soaked in DEPC treated water for at least 4 hours at 37°C, following which
they were autoclaved for 15 minutes. RNAase free water was prepared by adding 0.1%

DEPC to sterile double distilled water for a period of at least 12 hours and then autoclaved.

Wherever possible, solutions were also treated with 0.1% DEPC in the same manner as
above. Solutions containing the buffer, Tris, however, could not be treated with this inhibitor
as DEPC reacts readily with amines. In such cases, autoclaved double distilled water was

used instead.

Electrophoresis tanks were also stringently cleaned before use with RNA. T he tanks were
washed with detergent, rinsed with water, dried, treated with ethanol and then filled with a
solution of 3% hydrogen peroxide for a period of 10 minutes. Following this treatment they

were then thoroughly rinsed with DEPC treated water (Sambrook ef al., 2002).

2.2.2. Quantification of ribozymes

The concentration of ribozyme was determined by UV spectroscopy at 260nm. The purine
and pyrimidine bases of DNA and RNA strongly absorb light with maximum near 260nm.

The absorbance reading can be translated to the concentration according to Beers Law:

A=¢cl
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where :

A = Absorbance

£ = Molar extinction coefficient
¢ = Concentration(mg/mL)

1 = path length (typically 1 cm)

The following method converts O.D units into pg units based on the molecular weight of the

sequence (Brown and Brown, 1991).

A. Calculation of Molecular weight (MW)

MW = (249xnA) + (240xnT) + (265xnG) + (225xnC) + (64xn-1) + 2

Where :-

nA = number of adenine bases, nT =number of thiamine or in the case of RNA Uracil bases,
nG =number of guanine bases, nC =number of cytosine bases in the sequence.

n= total number of bases.

(64xn-1) accounts for the molecular weight of the phosphate groups.

A. Calculation of Micromolar Extinction Coefficient, & al 260 nm

£ = {(8.8xnT) + (7.3xnC) + (11.7xnG) + (15.4xnA)} x0.9*

nA = number of adenine bases, nT =number of thiamine or in the case of RNA uracil bases,
nG =number of guanine bases, nC =number of cytosine bases in the sequence.

* It is necessary to multiply the extinction coefficient of the sum of the individual bases by
0.9 because the base stacking interactions in the single strand suppress the absorbance of

DNA.

B. Conversion of OD units (o mass of ribozyme (ug)

When the concentration of any nucleic acid is Img/mL then the micromolar extinction

coefficient is given as
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MW/1000=¢
Therefore  Img=¢
Ifgisx OD
Then
Img =x OD
10D = 1/x=y mg (eq.1)

From the spectrophotometer, the absorbance reading was taken which shows the OD value.
This value was processed using eq.l to give the mass of ribozyme in mg. This method
however does not allow for differences in molecular weight between phosphodiester and
phosphorothioate oligoribonucleotides and modified ribozymes. The following adjustments

were made to account for these differences.

2.2.3.1. PHOSPHOROTHIOATES

In this case, a Sulphur (MW=32) replaces Oxygen (MW=16) on the phosphodiester side
chain. Consequently, an adjustment of +16 is made for n-1 bases.

i.e. MW=(249xnA) + (240xnT) + (265xnG) + (225xnC) + (80xn-1) +2

2.2.3.2. UNMODIFIED RNA

Adjustments are required to account for additional Oxygen (MW=16) on the 2’site of each
nucleotide. The adjustment in this case is +16 for each base and an allowance for the

difference in MW between Thymine and Uracil.

MW= (265xnA) + (242xU) + (281xnG) + (241xnC) + (64xn-1) +2

2.2.3.3. MODIFIED RIBOZYMES

Adjustments are required to allow for each modification. For example in the case of

ribozyme RP1.4782 the following adjustments were made:
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4xphosphorothioates =(4x16) =+64
5xunmodified RNA =(5x16) =+80
29%2’O-methyl =(29%30) =+870
2xNH; =(2x15) =+30
Total adjustment =+ 1044

2.3. Radiolabelling of Nucleic Acids
2.3.1. 5’-end labelling

Synthetic oligonucleotides are synthesized without a phosphate group at their 5’termini and
are therefore easily labelled by transfer of the y32 P from [7-321’] ATP using the enzyme T4

polynucleotide kinase.

The ribozyme used for in vivo stability study was 5’end labelled as described below.

Reaction mixture:

RNA substrate 100 pmole
T4 Kinase 1 ul
10xreaction buffer™ 1 pul
Y2 P[ATP] I ul
DEPC ddH>0 to 10 puL

*Reaction buffer comprised:

100mM Tris pH7.5, 20mM MgCly, DTT, 0.2mM Spermidine, 0.2mM EDTA

The reaction mixture was incubated for 45 minutes at 37°C

2.3.2. Internal labelling of ribozyme RP1.4782

5’-end 732P labels are susceptible to removal by phosphatase enzymes present in serum and

cell culture. Ribozyme RPIL. 4782 was internally labelled in order to avoid the loss of label

through the action of these enzymes. To facilitate this ribozyme RP1.4782 was obtained in
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two halves, a donor half and an acceptor half which were then joined together using T4 RNA

Ligase. The following two fragment sequences were consequently obtained:

Donor : 5°-gaa agg ccG aaA cugccct -3’

Acceptor : 5°-u,geus gsug ucU GAU Gag gee —3°

T4 RNA Ligase catalyses the formation of phosphodiester bonds between the 5° phosphate
of a single stranded donor RNA and the 3* hydroxyl of a single stranded acceptor RNA.
Internal labelling was performed in two steps. In the first step, the donor half was labelled

with y**P at the 5° end in the following reaction mixture:-

1% step 5° end labelling:-

Donor half of the ribozyme 100 pmol
T4 Kinase buffer 1pL
T4 Polynucleotide kinase ( Bioline catalogue number M25801b) 1ul
V2P ATP lul
DEPC treated ddH>0O o 10uL

The reaction mixture was incubated at 37°C for 60 minutes. The mixture was then rapidly

heated to 65°C for 15 minutes to inactivate the kinase.

2" step LIGATION.

To ligate the acceptor to the donor T4 RNA Ligase was added to the above in the following

scheme:

Acceptor half of the ribozyme 200pmol
Ligase buffer 2ul
T4 RNA ligase 1ul
DEPC treated ddH;0 to 20uL
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The reaction mixture was then left in the refrigerator for 12 hours at 4°C. Finally, the radio-
labelled full length ribozyme was isolated and purified by using polyacrylamide gel

electrophoresis (see section 2.3.4).

Sequence of the ligated ribozyme:
5°-u.gqus gsug ucU GAU Gag gee gaa agg ccG aaA cug ccc t =3’

Monomer

~ lablel

Figure 2.1. Autoradiograph showing the ligation of 5° donor half’
ribozyme (D) to Acceplor half (A) of ribozyme o form a full internally
labelled ribozyme (iRBZ). Lane contains a 57 labelled full ribozyme (fRBZ)
which was used as size matched control.

2.3.3. Purification of radiolabelled ribozyme.
The radio-labelled ribozyme was isolated and purified using the polyacrylamide gel

electrophoresis procedure. In electrophoresis, strands of varying lengths of nucleotides are

separated based on their charge in an electric field across a polyacrylamide gel.
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Polyacrylamide gels are formed by the vinyl polymerisation of acrylamide monomers
(CH,=CH-CO-NH)>) into long random chains of polyacrylamide which are cross-linked by
the inclusion into the mixture of small amounts of a co-monomer, N-N’-methylene-bis-
acrylamide, commonly known as «pis”. The resulting cross linked chains form a gel
structure, the pore size of which 1s determined by the concentrations of both acrylamide and
Bis-acrylamide (procedure for setting a gel is described in the next section). As individual
strands of nucleic acids have specific charges depending on their chemistry and length of
nucleotide sequence, these strands move at different speeds and form separate bands. These

bands were then visualised using autoradiography as described in the next section.

2.3.4. Polyacrylamide gel electrophoresis

After the radio-labelling was complete the reaction mixtures were mixed with an equal
volume of loading buffer {5% glycerol in 1xTBE(Tris-borate EDTA buffer)} and 1pL of
marker dye (Bromophenol blue 100 mg in 20mL of 5%glycerol in 1xTBE). The dye was
added to track the progress of sample migration down the gel once the samples were loaded
on to the gel. Polyacrylamide gels were set up as described by (Sambrook et al., 2002) using
a Protean II electrophoresis apparatus (Bio-Rad). Two glass plates (20cm x 20cm) were
clamped together with separators between them and then fitted on the gel stand vertically. To
this plate cast S0mL of the gel mixture was added and a comb added to form wells. The

polyacrylamide gel mixture was prepared as follows

20% polyacrylamide gel solution™ 50 mL
TEMED 40 uL
10% Ammonium persulphate 600 uL
*The polyacrylamide gel solution had the following composition:

30% polyacrylamide 333mL
**Urea 420g

10xTBE 50mL
ddwater fo 500mL

**For native gel, the urea is omitted.

TEMED (N,N,N’,N’—trimethylethylenediamine) and Ammonium persulphate were added to
activate the polymerisation reaction. The gel was allowed to set for 30 minutes and the
combs removed and the wells washed with sterile 1xXTBE. Below is the composition of the

TBE.
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10xTris borate buffer(TBE)

Tris base 54g
Boric acid 27.58
EDTA(0.5M, pHS) 20mL
ddH->0 to 1000mL

The electrophoresis was carried out using 20% acrylamide gel (20x20x0.03cm) in sterile
1xTBE buffer at room temperature. The gel was pre-run for 15 minutes at 300mV before
loading the samples. The gel was then run at 300mV for 3 hours at which point the samples
had migrated to the middle of the gel as seen by the marker dyes. The required bands of the

ribozyme were visualized by autoradiography subsequently.

2.3.5. Autoradiography

Following electrophoresis the gel was removed from the glass plates, wrapped in a single
layer of Saran wrap and placed in a Hypercassette fitted with an intensifying screen
(Amersham, UK). Under dark room conditions a sheet of Kodak HP autoradioraph film was
placed on top of the gel and was left to be exposed to the gel. The radiation from the gel
causes bands to be formed on the film, which were visualised by developing and fixing the
film in Kodak reagents. The processed film was then placed on placed on the gel to identify
the ribozyme bands. These bands were then excised and suspended in 3mL DEPC ddH,0O
and placed on a mechanical shaker for 3 hours to elute the labelled nucleic acids from the gel
fragment. The amount of nucleic acid, which elutes out was then lyophilised in a Savant

Speed Vac.

2.3.6. Purification of radiolabelled ribozyme

Pellets of lyophilised radio-labelled ribozyme were reconstituted in S0uL of DEPC treated
sterile double distilled water in an eppendorf tube to purify using miniQuick spin columns.
Firstly, the column was shaken to re-suspend the matrix and placed in an eppendorf for
centrifugation at 1000g in a MSE MicroCentaur centrifuge for 1 minute. This step packs the
column and removes the residual buffer. Following this, the column was placed in a new
eppendorf tube and the sample was applied to the column bed of the spin column and
centrifuged at 1000g for 4 minutes. The resultant eluate left in the eppendorf tube contained

the radio-labelled purified ribozyme.
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2.3.7. Liquid scintillation counting (LSC)

The activity in cpm of the radio-labelled nucleic acids was determined by LSC. A small
volume of the sample was added to SmL of Optiphase Hi-Safe 3 (Pharmacia Wallace) and
counted in a Packard 1900 TR scintillation counter for 5 minutes. Adjustments were
automatically made for the background, radioactive decay during the experimental period by

entering the half life and reference date of the radioisotope used.

2.4. CELL CULTURE TECHNIQUES

2.4.1. General cell culture maintenance techniques

2.4.2. CELL LINES

Four cell lines were used in this study: U87, C6, GT1 and SYSY.

The U87-MG cell line was purchased from the European Culture Collection, Porton Down ,
UK and consist of human glioblastoma astrocytoma cells which were originally derived form
a grade 3 malignant glioma by explant technique. The C6 (rat glial cells), SY5Y (human
neuroblastoma cells) and GT1 (rat neuroblastoma cells) were kindly provided by Dr. Dawn
Smith a researcher at our laboratory.

2.4.3. CELL CULTURE MEDIA

The cells were maintained in different media as previously used in the laboratory and listed

in the table below.

Cell Line Medium

U87 Dulbecco’s Modified Eagle Medium HEPES (Gibco)

Cé6 Dulbecco’s Modified Eagle Medium HEPES (Gibco)

SY5Y 50 % Nutrient Ham F-12 (Sigma) + 50% Modified Eagle Medium
(Sigma)

GTl1 50% Dulbecco’s Modified Eagle Medium (Gibco) + 50% Nutrient

Ham F-12 (Sigma)

Table 2.1. A table to show the growth media requirements of the different cell lines.
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All media were supplemented by 10% v/v foetal bovine serum (FBS), 1% v/v L- Glutamine
(2mM) and 1% v/v penicillin/streptomycin. The same media but without the addition of FBS
was used for some stability studies.

2.4.4. MAINTENANCE OF STOCK CULTURES

Cells were cultured in 75cm” plastic tissue culture flasks (Sarstedt, UK) with 25mL of
medium depending on the cell line as in the previous table and were incubated at 37°C in a
humidified (95%) atmosphere of 5% CO, in air. Stock cultures were passaged when
confluent after approximately 4 days. Passaging was carried out using the following
procedure:

The medium was aspirated out and the cells were washed with SmL of sterile PBS. After
aspirating out the sterile PBS, 3mL of Ixtrypsin solution (0.25% w/v trypsin, 0.2% w/v
EDTA in PBS, pH 7.2) was added and the flask was incubated at 37°C for 5 minutes. The
flask was tapped to dislodge the cell monolayer from the bottom and 7mL of fresh media was
added to neutralise the trypsin, which made the final volume to 10mL. The contents of the
flask were mixed well by repeated pippetting to form a cell suspension. From this cell
suspension a volume of 3mL was taken and placed in to a new 75¢m? flask to which 22mL of
fresh media had already been added. This resulted in a final volume of 25mL and the flask
was returned to the incubator.

2.4.5. LONG TERM STORAGE OF CELLS

For long-term storage of cells, a suspension of cells was prepared according to the following
protocol:

A cell suspension was prepared as described in the above section up to a volume of 10mL.
This suspension was transferred to a 15mL universal tube (Falcon, UK) and centrifuged for 5
minutes at 1000g (MSE mistral 30001) to form a pellet of cells. The supernatant was
discarded and the pellet was resuspended In freezing medium (10% DMSO in serum
medium) to form a concentration of not less than 1 million cells per mL. A volume of 1mL
was taken and placed in a 2mL screw capped cryovial (Costar, UK). The vial was then left at
_70°C for 24 hours, followed by placement in liquid nitrogen cell bank. When required, cells
were brought up from the cell bank. For this a frozen cryovial was rapidly thawed at 37°C
and the contents of the vial were gradually diluted with serum medium before seeding in
25cm” flasks (Falcon, UK). The medium from this flask was changed after 24 hours to

remove the remaining traces of DMSO.




2 4 6. DETERMINATION OF CELL NUMBER/ VIABILITY

The viable cell density of stock cultures was measured by haemocytometry using a Trypan
Blue exclusion assay test. This assay 1s based on the principle that the Trypan blue dye is
only taken up by dead cells and is used to determine the number of viable cells in a
population of cells. For this purpose a 100 uL volume of Trypan Blue (4mg/mL) was mixed
with 400pL of cell suspension and 500pL of serum medium to make a final volume of 1mL
(2.5xdilution) in an eppendorf tube and mixed well. From this a ~ 50uL of the Trypan blue
cell suspension was transferred to the counting chamber of a Neubauer haemocytometer,
with depth of 0.1mm and area 1/400mm? (Weber Scientific International Ltd, UK). The non-
stained cells were counted in five large squares of the haemocytometer using a light

microscope and the cell density was calculated using the following equation:

Cells per mL = average count per square x 107 x2.5 (dilution factor)

2.5. Cell growth assays

In order to obtain an idea of the growth kinetics of the cell populations, cell growth assays
were carried out for all cell lines. In these studies cells were seeded at three densities and
their growth followed over a period of five days. The seeding densities used were 0.1 x 10°,
0.5 x 10° and 1 x 10° cells per mL. Cells growing in 75cm” flasks were trypsinised as
described in 2.3 and were counted to obtain their density as in the previous section. From the
cell suspension required amounts of the cells were taken to make cell suspensions of the
required concentrations to seed on to 24 well plates. The plates were incubated at 37°C for
various time points and trypsinised as described in section 2.4.1.3 and counted as described

in section 2.4.1.5.

2.6. Ribozyme stability studies

In order to evaluate the structural integrity of the chemically modified RBZ RP1.4782 in
different biological milieu, stability studies were carried out. For this purpose the ribozyme
was internally labelled as described in section 2.3.2 and incubated in different media over a

time course and any degradation was visualized using autoradiography.
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2.6.1. Stability in serum and serum free media

The radio-labelled ribozyme (100pmole) was incubated in 200uL of serum and serum free
medium at 37°C. Aliquots of 20uL were taken at timed intervals and placed in prefrozen
eppendorf tubes, which contained RNAaseIN (Gibco, UK) and held at -70°C freezer until all
the samples were taken. These samples were mixed with an equal quantity of loading buffer
(1% v/v glycerol in PBS) and then loaded on to a denaturing gel 20%(PAGE + 7M urea) to

obtain degradation profiles.
2.6.2. Stability on a cell monolayer

In this experiment cells were seeded at density of 10° cells per well in 24 well plates and left
to grow for 2 days until a confluent monolayer was achieved inside the wells. The medium
was aspirated and the cells were then washed with sterile PBS (Phosphate buffered saline)
three times to remove any protein from the serum medium. The monolayer was replenished
with 300uL serum free medium, which had been warmed to 37°C. The internally labelled
ribozyme was incubated on this monolayer for timed intervals as in the above section.
Aliquots of 20uL were taken at required time points and then analysed by electrophoresing

on a denaturing gel and visualisation with autoradiography.
2.6.3 Stability of a ribozyme after ICV injection in vivo

A male Wistar rat weighing approximately 180-220g was anaesthetised and injected in the
lateral ventricle with 100pmole of full ribozyme as described in sections 2.11.1. After 24
hours the rat was sacrificed and the brain was acquired as in section 2.11.2 and the ribozyme
recovered using the following protocol.

The brain was homogenised with a pestle gently in 10mL sterile PBS containing 2ul of
RNAaseIN (30-40 units). Following this the homogenate was centrifuged at 3000g for 30
minutes at 4°C and the pellet discarded. The supernatant was then divided in 5 eppendorfs
and dried to pellets. These were then reconstituted in 100uL of sterile double distilled water
with 10pL of DNAse. These eppendorfs were then incubated at 37°C for 30 minutes. To this
250uL of chloroform was added and mixed by vortexing. This mixture was then centrifuged

at 13000 rpm for 10 minutes at room temperature. To the upper aqueous layer a further
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500uL of chloroform was added and then centrifuged at 13000rpm for another 10 minutes at
room temperature. The upper layer was then transferred to a new eppendorf and 150uL of
0.3M sodium acetate was added and the contents were split in to two tubes. To these then
750uL of ice cold ethanol was added and the tubes were then inverted to mix and incubated
for 1 hour at -70°C. Centrifugation at 4°C for 15 minutes at a speed of 13000rpm followed
this. The supernatant was carefully removed and 100uL of ice-cold ethanol was added
without disturbing the pellet. Then, centrifuged for 5 minutes at 4°C. Finally the pellet was
air dried for 15 minutes. After recovery the pellet was reconstituted with sterile DEPC
treated double distilled water and 5’end labelled (see section 2.3.1). The radio-labelled
ribozyme was then electrophoresed in 20% Polyacrylamide and 7M urea gel to determine

any degradation of the ribozyme.

2.7. Cell association studies

A series of experiments was conducted to characterise the extent and mechanism of cellular
association of the chimeric ribozyme RP1.4782 in the four cell lines. In all these experiments
ribozyme RP1.4782 was internally labelled as described in section 2.3.2. and purified by 20%
native polyacrylamide gel electrophoresis. Each experiment was carried out in quadruplicate
unless otherwise stated. Cells growing in 75¢m?° tissue culture flasks were trypsinised and the
cell number determined using a Neubauer haemocytometer (see section 2.4.1.4). Cell
suspensions were diluted, in serum media according to each cell type, to 10° cells per mL and

then seeded in 24 well plates.

2.7.1. General protocol

Cells were seeded on 24-well plates (Falcon, UK) at a density of 10° cells per well. The
plates were then placed in an incubator at 37°C which was humidified (95%) in an
atmosphere of 5% CO; in air and the cells allowed to grow for 2 days to near confluency.
Before the start of the experiment cells were counted using the Trypan blue exclusion assay,
as the different cell lines have cells which are of different size and shape and which could
introduce unnecessary complications in the analysis of the results. Knowledge of the cell
numbers is required for calculation and rigorous analysis of the results as the data can then be

normalised to cell numbers.
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From the experimental wells media was then aspirated and the monolayer carefully washed
three times with PBS (37°C) to remove any traces of serum. The washing solution was
aspirated and replaced with 200pL of serum free medium containing the radio-labelled
ribozyme. The PBS and serum free media were both equilibrated at 37°C for 1 hour in a
water bath prior to the experiment. The plates were incubated at 37°C for the duration of the

experiment.

Once incubated for the desired period, the apical medium was carefully removed and
collected in scintillation vials. The cells were then washed 3 times with ice-cold PBS/
sodium azide (0.05% w/v NaN3/PBS) to inhibit cellular metabolism and remove any
ribozyme loosely associated with the cell surface. These washings were also collected in
scintillation vials. Finally the cell monolayers were harvested by solubilisation with 0.5ml of
39 v/v Triton X-100 (Aldrich Chemical company, Gillingham, UK) in distilled water for 1
hour at room temperature. The wells were washed twice more (2x0.5mL) with Triton X-100
to ensure that all cells had been harvested. Once all the cellular fractions were collected in
vials their radioactivity content was determined by liquid scintillation counting using a
Packard 1900TR scintillation counter. Samples were collected in scintillation vials and SmL
of Optiphase Hi-safe 3 (Pharmacia-Wallace, St Albans,UK) was added. Samples were
counted for 5 minutes using the relevant 32p radionuclide programme to account for decay

during the experimental period.

2.7.2. Assay to determine optimal number of Sodium-Azide/PBS washes

Following incubation with radio-labelled ribozyme and removal of apical medium, cells were
washed with 0.5mL of PBS-azide at increasing number of times, i.e. from 1 wash to 5
washes, or until the monolayer was disturbed. Any such disturbance of the cell monolayer
was checked by observation under the microscope after each wash. The radioactivity
associated with the apical samples, the individual washes and the cell lysate was quantified

using LSC.

2.7.3. Effect of time on cellular association.
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Cell monolayers were incubated with equal quantities of ribozyme at 37°C for increasing
time periods of 0.5, 1, 2, 4 and 6 hours. To determine if the cells had any intrinsic pinocytic
activity, this was determined by investigating the cellular association of the fluid phase

marker, ['*C] Mannitol, at 37°C over the same time points.

2.7.4. Effect of temperature on cellular association

All cell lines were incubated with equal amount of ribozyme for a period of 4 hour at 37°C

or 4°C to determine the effect of temperature on cellular association.

2.7.5. Effect of metabolic inhibitors on cellular association

In order to determine the energy dependence of cellular association of ribozyme, cells were
depleted of energy by pre-incubation with metabolic inhibitors 2-deoxyglucose (10mM) and
sodium azide (50mM). Cells were seeded and grown as described earlier, followed by
washing with PBS and treatment with serum free medium containing the metabolic inhibitors
for 1 hour. The medium was then removed and radio-labelled ribozyme in serum free
medium containing the inhibitors was added to the wells and thenceforth the standard

procedure for uptake was followed.

2.7.6. Disassociation of intracellular ribozyme

To assess the intracellular compartmentalisation of ribozyme following cell association,
efflux studies were carried out. Cells were incubated with radio-labelled ribozyme for 4
hours and then the apical medium was removed and placed in scintillation vials. Loosely
attached ribozyme was removed with ice cold PBS/azide washes. Following this, 300uL
serum free medium was added to cells and incubated for 30 minutes at 37°C. Following this
the apical medium was removed and placed in separate scintillation vials. The cells were
replenished with fresh serum free medium for another 30 minutes. This procedure was
repeated for another 4 hours. Finally cells were solubilised with 3% Triton-X in double
distilled water by shaking for 5 minutes on the shaker and placed in vials for LSC along with

other fractions.
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2.7.7. Effect of self-competition with cold ribozyme

Self-competition study was carried out to determine the specificity of the cellular association
process. For this purpose cellular monolayers were incubated with increasing concentrations

of non-labelled (cold) ribozymes and cellular uptake was determined as described previously.

2.7.8. Effect of competitive inhibitors on cellular association.

In order to assess whether large polyanionic molecules could compete with the cellular
association of ribozyme, a competitive inhibition study was carried out. This experiment
involved pre-incubating the cells with heparin (10pM), ATP (5uM), dextran (10pM) and
salmon sperm DNA (50uL) and then removing these solutions and washing the cells with
serum free medium once to remove loosely attached polyanions. To the wells then the radio-
labelled ribozyme in serum free medium was added. This was followed by the normal

procedure as shown in section 2.7.1.

2.7.9. Effect of pH on cellular association of ribozyme

Effect of pH on cellular association was carried out by incubating all cell lines in a range of
pH values (5 to 8) instead of serum free medium. Incubation solutions of various pH values
were prepared as follows: for values 7 and 8, Hanks balanced salt solution (HBSS)
containing  SmM  D-glucose and  buffered with 25mM HEPES  [(N-d-
hydroxymethylpiperazine)—N’—2—ethanesulfonic acid]. For pH values 5 and 6, HBSS with D-
Glucose buffered with MES [2-(N—morpholine)—ethanesulfonic acid] was used. Apart from

this modification standard procedure was carried out.

2.7.10. Effect of post-cell association Trypsin washing

In order to further determine the nature of ribozyme binding molecules on cell surface, post-
association trypsin washing assay was carried out. Cells were incubated with radio-labelled
ribozyme for a period of 2 hours. The apical medium was removed and the loosely attached
ribozyme was washed off with sterile ice-cold PBS/Azide. After this the cells were treated

with 200uL of trypsin-EDTA until all cells were detached from the wells. To this 1mL of
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PBS was added and the cells were recovered by centrifugation at 1000 RPM for 5 minutes.
The supernatant was collected and cells were then resuspended in a further 1mL of PBS. The
cell-associated radioactivity pertaining to both fractions (washing solution and cell) was

determined by LSC.

2.7.11. Sub-cellular localisation of fluorescently labelled ribozyme

Cells of all the cell lines were counted, trypsinised and made into cellular suspensions of
5%10% cells/mL as described in sections 2.4.1.3. and 2.4.1.5. and seeded on Labtek chamber
slides (Nunc, Gibco, UK.). After seeding, slides were left in the incubator for 24 hours to
allow for the cells to grow. Solutions of 30pmol/200uL of ribozyme and 50pmol/ul of
dextran-rhodamine 10S (Sigma, UK) in serum free medium were prepared. Cells growing in
the chamber slides were washed with pre-warmed (37°C) sterile PBS for three times and
then the cells were incubated with the above solutions for 4 hours. After the required time the
apical medium was removed and the cells were washed with sterile PBS three times and
were incubated with the fixative solution (2% formaldehyde in sterile PBS) for 30 minutes at
room temperature. The fixing process protects the monolayer from damage and distortion in
further experimental steps. After fixation the cells were washed with sterile PBS and then left
to air dry. Once excess moisture was dried up cells were mounted and cover-slipped with
Biomedia Gel (EMS, California). Finally cells were observed under a Zeiss microscope fitted
with a UV producing mercury lamp and photographed using an Olympus camera with

Jenamed adapter and Kodak colour film (ISO 200).

2.8. Identification of ribozyme binding cell surface protein

This experiment was designed to identity putative ribozyme binding cell surface proteins.
The experimental procedure involved separation of different cellular fractions and then
separating cell membrane proteins on a blotting membrane.

2.8.1. Sub-cellular fractionation

Cells were grown In 75cm° tissue culture flasks and once confluent were trypsinised to

harvest the cells. Cells were resuspended in sterile PBS and centrifuged at 1000g for 5
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minutes in order to remove the trypsin. The pellet obtained was washed with sterile PBS and
resupended in a 1ml volume of sterile PBS in an eppendorf centrifuge tube. Cells were again
centrifuged for 5 minutes at 1000g. At this stage the pellet was kept and the supernatant
discarded. To the pellet 200puL of nuclear extraction buffer (10 mM Hepes pH 8.0, 1.5mM
MgCl, 10mM KCl, ImM DTT, 10mM EGTA, 2mM EDTA, ImM PMSF, 100 uM
Leupeptin, 2pug/mL Aprotinin) was added and the cells resuspended. This cellular suspension
was then left in ice for 15 minutes. This was followed by drawing up the suspension in a 23G
needle fitted to a syringe five times in order to shear the cells. This mixture was then
centrifuged at 1000g for 1 minute at 4°C. The pellet was discarded as it contains the nuclear
proteins and the supernatant was kept as it contains cytosol, membrane and cytoskeletal
fractions. This supernatant was then placed in a Beckman plastic tube, which was heat sealed
and centrifuged at 100000g (Beckman Ultracentrifuge) at a speed of 57,556 rpm at 4°C for
45 minutes. After centrifugation the supernatant was discarded and to the pellet another
200pL of nuclear extraction buffer was added to which this time 1% Triton-X 100 was added
and mixed. This was then left in ice for 30 minutes with occasional vortexing. This was
followed by centrifugation at 100000g for 45 minutes at 4°C. The resulting supernatant was
the membrane fraction. To this fraction a half volume of sample buffer (2.5mL Glycerol,
1mL 10% SDS, 1mL p-mercaptoethanol, SmM Tris, 1mg bromophenol blue crystals to a
final volume of 5mL) was added and heated to 90°C for 3 minutes and then immediately
placed in ice to prevent re-naturation of the proteins and then left for storage in a -70°C

freezer.

2.8.2. Estimation of protein content

The protein content of the resulting cell membrane fraction was determined by using a Bio-
Rad protein assay. This assay in based on the principle that an indicator dye will change
colour in response to various concentrations of protein. The absorbance maximum for an
acidic solution of Coumassie Brilliant Blue G-250 shifts from 465nm to 595nm when

binding to protein occurs.

Samples of varying concentrations of BSA (Opg/mL-25pg/mL) were prepared for
constructing a calibration curve. Cell membrane fractions of unknown concentrations were

diluted to obtain a final volume of 800puL. The assay was initiated by adding 200uL of dye
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reagent concentrate to each tube of standard and unknown samples and by mixing well
before incubating at room temperature for 15 minutes. Absorbance at 595nm was then read
using a spectrophotometer (Jenway, UK). A calibration curve was constructed by plotting net
absorbance versus the concentration (ug/mL) of the protein standards at 595nm. The
calibration curve was then used to determine the amount of protein in the unknown cell

membrane fractions.

2.8.3. South-Western blotting protocol

The blotting procedure was carried out using the Bio-Rad mini protean Il system using a
method described previously by Morton ef al., (1995). A 12.5% polyacrylamide gel was set
up using the Bio-Rad mini-Protean II system under manufacturer’s specifications. The cast
was assembled and the resolving gel made up of the following specifications and allowed to
set for about 30 minutes [3.2 ml 30% acrylamide, 1.9ml resolving buffer (1.5M Tris-HCI,
0.4% SDS pH 8.8), 2.4mL water, 75uL 10% SDS, 7.5uL TEMED, 1.5uL 10% Ammonium
persulphate (AMPS) (freshly made). The resolving gel was then overlaid with a few drops of
n-butanol to ensure the surface stayed flat. When the gel was set, the n-butanol was removed
and 6% stacking gel [1.25ml 30% acrylamide, 1.56ml stacking buffer (0.5M Tris-HCI, 0.4%
SDS pH 6.8), 3.37 mL water; 62.5uL 10% SDS, 6.25ul TEMED, 62.5uL 10% AMPS] was
overlaid and the comb inserted. This was allowed to set for 30 minutes and then the comb
was removed and the wells were washed in running buffer (6g Tris-HCl, 28.8g Glycine, 1g
SDS made up to 1 litre with water). Following this, equal amounts of protein were loaded in
to separate wells and the tank was filled with running buffer. The proteins were resolved at
140V for approximately 3 hours. One well was loaded with 5uL of pre-stained molecular

weight markers ranging from 27.000-180,000 Da (Sigma, UK).

Once the gel had run far enough, usually determined by the separation of the marker bands,
the gel was disassembled and the stacking gel discarded. The gel was then allowed to
equilibrate in transfer buffer (3.03 g Tris-HCI, 14.4g Glycine, 2% methanol made up to 1
litre with water) for 15 minutes before being assembled into the Biorad mini-Protean II
transfer set-up. The gel was clamped between four sheets of Whatmann 3M filter paper and a
piece of Hybond C nitrocellulose cut to the same size. The gel was rolled to release any

trapped air bubbles and then put ‘nto the transfer clamps. The clamps were inserted into the
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apparatus and the tank filled with transfer buffer. The protein was transferred to the
nitrocellulose at 250 mA for 80 minutes after which the clamps were disassembled and the
gels discarded. A Ponceau (0.1% Ponceau in 1% acetic acid) stain followed by destaining
(1% acetic acid in water) detected the protein on the nitrocellulose to show whether equal
protein amounts had been loaded. The nitrocellulose was then blocked with 2% BSA solution

on the rocking table for 1 hour.

Then the nitrocellulose was washed with binding buffer 2mM HEPES, 75mM NaCl, 0.5M
EDTA, ImM DTT, 5% Glycerol, BSA 25mg/ 500mL) to remove excess BSA. After washing
the nitrocellulose was placed in hybridisation bottles with 10ml of binding buffer at 37°C
containing radio-labelled ribozyme and placed in a rotator at rate of 4 revolutions per minute
for 4 hours. At required time points the nitrocellulose was removed and washed with a strong
washing buffer 2mM HEPES, 150mM NaCl, 0.5M EDTA, 1mM DTT, 5% Glycerol, BSA
25mg/ 500 ml) to remove the loosely attached ribozyme. After washing the nitrocellulose it
was wrapped in Clingfilm and placed in a hypercassette with a hyperfilm and allowed
exposure for 15-20 minutes. After the required time point the film was developed and fixed

as described in the section 2.3.5 on autoradiography.

2.9. Formulation and characterisation of PLGA microspheres

Poly lactide-co-glycolide P(LA-GA) co-polymers of three different polymer ratios were used
50:50., i.v. 6.6-8.8 (Medisorb, Alkermes)

80:20., i.v. .0.2 (Park Scientific from Polysciences, UK)

90:10., i.v. 0.22 (Park Scientific from Polysciences, UK)

The 50:50 and 80:20 ratio was supplied as a white odourless powder. Whereas the 90:10
ratio was brown, irregularly shaped solid particles. The polymers were stored in a dessicator

at 4°C.

2.9.1. Preparation of large microspheres (10-20pum)

The microspheres were prepared using the double emulsion method. The internal solution

was prepared by mixing 10pL of 4% PVA (Polyvinyl alcohol 87-89% hydrolysed, molecular
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weight 13,000-23,000) solution and 20uL of ribozyme solution (the quantity of ribozyme
solution varies with the concentration of the ribozyme solution) and the final volume made
up to 100uL with ddH,O. This was then added to the polymer solution, which was made by
dissolving 500mg of the polymer in SmL of DCM. This mixture was then vortexed for 5
minutes to generate the primary emulsion. The primary emulsion was added to 160mL of
aqueous external phase comprising of 0.9% NaCl and 4% PVA. This mixture was then
stirred for three hours at 1000rpm at room temperature using Heidolph stirrers (Labplant ,
Huddersfield, UK). The revolutions were confirmed by a hand held digital tachometer. The
emulsion was then transferred to a magnetic stirrer plate, covered with parafilm and stirred

for three hours to allow for complete evaporation of the DCM.

The resulting microspheres were centrifuged at 40000 rpm for 10 minutes (43124-708 rotor,
3000g Mistral 3000 centrifuge MSE Leicester Ltd) and washed three times with distilled
water to remove any non-encapsulated ribozyme and emulsifying agent. The resulting
microspheres were resuspended in 1ml distilled water, frozen at —70°C and freeze dried over

night (Edwards Modolyu, BOC Ltd, Sussex, UK).

2.9.2. Preparation of small microspheres (1-5uM)

A 1-5um size range of microspheres was also manufactured to assess the effects of

microsphere size on ribozyme loading and release profiles.

The microspheres were prepared using the double emulsion method as described in the
section above with the volumes being the same but a different mixing method was employed.
The primary emulsion was mixed at 4000 rpm using a Silverson homogeniser STD2
(Silverson Machines, Chesham, Bucks, UK) with a 3/8” mini-micro probe (Silverson
Machines, Chesham Bucks, UK) for 2 minutes. The resultant emulsion was then further
mixed at 6000 rpm using a 17 tubular probe (Silverson Machines, Chesham, Bucks., UK) for
6 minutes. The w/o/w (water-in-oil-in-water) emulsion was stirred on a stirring plate for a
minimum of 4 hours to allow the solvent to evaporate and the spheres were centrifuged and
freeze dried as before. The resulting spheres were weighed on an electronic balance and

stored in a dessicator at room temperature.
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2.9.3. Microsphere batch yield determination

The yield of the microspheres was determined using the following formula;

% Yield= (weight of microspheres/weight of polymer) x 100

2.9.4. Microsphere entrapment efficiency and loading

This method involved direct liquid scintillation counting of ribozyme encapsulated
microspheres and aqueous solution of ribozyme. 25mg of microspheres were added to SmL
of Optiphase Hi-Safe (Pharmacia-Wallace, St. Albans UK) and counted as in section 2.2.4.
Also 5uL of free radio-labelled ribozyme aqueous suspension of known concentration was
checked for counts per minute. All samples were assayed in triplicate and results are the
mean of three determinations. From these results the % ribozyme encapsulated per dry

weight of microspheres could be determined and the encapsulation efficiency calculated.

9% Encapsulation efficiency = (cpm of RBZ solution used/cpm of microspheres) x 100
{ ‘

Theoretical loading = (amount of ribozyme/ wi of polymer) x 100

Actual loading = (amount of ribozyme entrapped/wt of microspheres) x 100

2.9.5. Microsphere particle size determination

10mg of microspheres were redispersed in double distilled, 0.2um filtered water and sized by
laser diffractometry using a Malvern mastersizer E particle sizer (Malvern Instruments,
Malvern, UK). The instrument was fitted with a 45mm angle lens and flow cell. The average

size of spheres and size range was plotted using a software package (Malvern, UK).

2.9.6. Scanning electron microscopy
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The surface morphology of the microspheres was examined using scanning electron
microscopy. Samples were prepared by mounting on aluminium stubs using carbon tape, and
coated with gold for 15 minutes under an argon atmosphere (Emsope SC500). Under
magnification using a Cambridge Instruments Stereoscan 90B, the surface of particles was

studied. Photomicrographs were taken using a Nikon 35mm camera.

2.9.7. Release studies of microspheres in vitro

The release of ribozymes from microspheres was performed by incubation of 25mg of
spheres in 1.5mL release medium in glass sample tubes. The release medium used was
phosphate buffered saline (PBS) (137mM NaCl, 2 7mM KCl and 10mM phosphate buffer
pH 7.4). The tubes were ‘ncubated at 37°C in a shaking water bath. Release of radio-labelled
RBZ was monitored at intervals over a 28 day period. Samples were taken at hourly intervals
on the first day for 6 hours, then daily for 7 days and then on 14, 21 and 28 days. At each
sampling time the release medium was removed and centrifuged at 13000 rpm for 5 minutes
to remove any suspended microspheres. The supernatant was removed for liquid scintillation
counting as in section 2.3.7. A 1.5mL aliquot of fresh release medium was added to the

microsphere pellet, which was re-suspended and replaced into the release vial.

2.9.8. Stability of polymer entrapped ribozyme

Radiolabelled ribozymes were encapsulated into microspheres as in section 2.9.2. The
microspheres were incubated i1 release medium as detailed in section 2.9.7. The entrapped
ribozyme was extracted from the microspheres after a 24 hour period. The extraction of
ribozyme from the polymer involved dissolving the microspheres in 2mL chloroform,
vortexing with 2mL sterile water for S minutes and then centrifuging at 1000g for 1 minute.
The aqueous layer containing the ribozyme was removed and concentrated by speed vacuum
centrifugation (Savant, UK). The extraction procedure was repeated three times. The stability
of these samples was assessed by running down a denaturing 20% polyacrylamide gel as

described in section 2.3.4.

2.10. Cellular association of polymer entrapped ribozyme
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Before proceeding with microsphere association studies certain optimisation steps were taken
and these were to evaluate any negative effect on the growth of cells when incubated with
various amounts of microspheres over a time course. Also varying amounts of microspheres
were used to evaluate the optimum amount of microspheres required for association studies.
Also the optimum number of washes was determined to remove loosely attached

microspheres.

2.10.1. Determination of optimum number of Sodium-Azide/PBS washes

The optimum number of washes required to remove loosely attached microspheres without
damaging the cell monolayers was carried out using the method described in section 2.7.2
with the exception that the cells were incubated with 0.5mg/mL of microsphere suspension.

2.10.2. Effect of time on cellular association of microspheres

A procedure similar to section 2.7.3 was followed with the exception that the cells were

incubated with microspheres instead of free ribozyme.

2.10.3. Effect of temperature on cellular association of microspheres containing

ribozymes
Cells were incubated with 500pL of 0.5mg/mL of microsphere suspension solution and the

effect of temperature on cellular association of the microspheres was studied by following

the procedure in 2.7.4.

2.10.4. Effect of metabolic inhibitors on the cellular association of microspheres

A procedure similar to section 2.7.5. was followed with the exception that the cells were

incubated with microspheres instead of free ribozyme.
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2.10.5. Effect of pH on cellular association of microspheres

A procedure similar to section 279 was followed with the exception that the cells were

‘ncubated with microspheres instread of free ribozyme.

2.10.6. Effect of post-cell association Trypsin washing

A procedure similar to section 2.7.10. was followed with the exception that the cells were

incubated with microspheres instead of free ribozyme.

2.11. IN VIVO CNS DELIVERY STUDIES

2.11.1. Animals and treatment

Male Wistar rats (bred at Aston University) weighing 180-220g were maintained under
standard 12 hour light/dark cycle (lights on 07:00 hours, 21 + 1°C and 55% humidity) and
allowed free access to food pellets (standard rat diet, Pilsbury Ltd) and water at all times. For
surgery rats were anaesthetised with Isoflurane (Vetothane) using a mask (3% for induction
and 1.5% for maintenance) in N>O and O, (1:1 ratio) (flow rate set to 0.5 L/min). Once
anaesthetised the head of the rats, where the incision was to be made, was shaved and the
loose fur was removed with antiseptic swabs and then placed in a Kopf stereotaxic frame
with the incisor bar connected to the mouthpiece delivering maintenance anaesthetic. The
frame and surrounding area was swabbed down and sprayed with antiseptic spray to
minimise risk of infection to the animal during the surgical procedure prior to placing the
animal in the frame. The rats were gently wrapped in an insulating bubble wrap to avoid loss
of heat by the animal, while being on the frame, and ear bars gently inserted. Under aseptic
conditions the skull was exposed and bregma located and using these coordinates the site of
injection was identified and a small burr hole was made and the dura was punctured with a
392G needle. The site of injection was the left lateral ventricle at co-ordinates: 0.8mm caudal
to bregma, 0.14mm lateral and 0.36mm ventral to bregma (Paxinos and Watson., 1986).
Injections were made with a S5pL Hamilton syringe over a 2 minute period and a total volume
of 2ulL was delivered. The syringe was left in place for a further 2 minute period to reduce

any backflow and then slowly withdrawn. The burr hole was sealed with bone wax (HM+S
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Derby, UK) and the skin was sutured using sterile Mersilk Ehicon suture (Brosch, UK). The
animals were then allowed to recover from the anaesthesia in new pens, which had a heat pad
underneath them. Once recovered the rats were placed back in original cages for various time

points.

2.11.2. Cryostat sectioning of rat brains

At required time points rats were killed using exposure to rising concentration of CO, gas
(Animal Scientific Procedures Act, Schedule 1, Appropriate method of humane killing, table
A) and killing was completed by confirmation of permanent cessation of circulation. The
skin around the upper part of the head was removed and the skull was exposed which was
then carefully peeled off by using sharp nose small pliers. Once the actual brain tissue was
visible it was removed from the base of the skull by severing the optic and olfactory nerves
along with the lower part of the brain stem. This delicate tissue was then immediately frozen
to -40°C in isopentane (Sigma, Poole UK). The brain was kept at -70°C until sectioning
using a Bright OTF (Bright Instruments Company Ltd., UK) cryostst. The frozen brain was
placed on a large droplet of OCT compound (BDH Laboratory Supplies, UK) on an
aluminium chuck. After allowing a period of half to one hour for the brain temperature to
equalise to the cryostat chamber temperature, sectioning was carried out at a thickness of
30um. Sequential coronal cryosections were collected on gelatin coated glass microscope
slides (Superfrost plus, 25mm x 75mm, BDH Laboratory Supplies) and stored at room

temperature for further processing.

2.11.3. Histological evaluation

In order to assess any histological damage, neuronal loss or gliosis, brain cryosections were
examined using a Cresyl Fast staining procedure. Without staining the slides can not be
viewed at great detail and resolution because of their thickness (30um). In this procedure
sections, as obtained in section 2.7.9.2, were rinsed in sterile double distilled water then
stained with Cresyl violet stain (0.5% Cresyl violet, 1M sodium acetate, 1M Acetic acid 1n
double distilled water) for 10 minutes at room temperature. The sections were washed 1n

double distilled water to remove excess stain and then dehydrated through 70%, 95% and
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100% ethanol followed by immersion in 100% xylene for 10 minutes. The sections were air

dried before being examined on Zeiss microscope for structural changes.

2.11.4. Tissue preparation for fluorescence microscopy

Tissue sections were prepared and mounted on glass microscope slides as described in
section 2.7.9.4 and was observed under Zeiss microscope, which was fitted with a high-
pressure mercury source. According to the UV emission spectra of fluorescein and
rhodamine (Lansing-Taylor and Salman, 1998), a 510nm wavelength blocking filter was
used for the detection of fluorescein and FITC (fluorescein isothiocyanate) labelled
ribozyme, as such a filter would totally prevent any cross-over excitation from rhodamine.
For rhodamine-dextran detection a 590nm wavelength narrow band blocking filter was used
(Holz., 1982). Sections showing fluorescence were photographed using an Olympus camera
containing Jessops SHR400 colour film, which was attached to the microscope with an

adapter.

2.11.5. Preparation of microsphere for ICV injection

Microspheres were prepared and characterised as shown in sections 2.9. Since microspheres
are in a dry powder form they were suspended in sterile double distilled water for ease of
administration. For this purpose 10mg microspheres were weighed out in eppendorf
microtubes and to which 50uL of sterile double distilled water was added immediately
before the ICV injection in order to avoid sedimentation of the microspheres. As described
carlier a Hamilton syringe was used for the actual injection and a volume of SuL. was drawn

up from which only 2uL was injected in to the ventricles.

2.11.6. Animal post-operative well being assessment

Any treatment could potentially have adverse effects on the animal under investigation and

in order to assess any such possibility animal post-operative well-being was monitored. The
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well being of the animal was assessed, by monitoring the weight, gait, skin condition, muscle
tone, posture and locomotion. Any unusual deviation from the normality was noted and this
assessment continued at regular intervals until the animal was sacrificed for all time points

studied.

2.12. Statistics

Unpaired student’s t-test (two sample assuming equal variances) was used to determine
whether there were significant differences between mean values of data obtained from
different experimental populations. The Microsoft Excel 2000 version was used for this
purpose. For studies involving more than two experimental groups one-way ANOVA was
used to determine significant differences between groups using the SPSS software package

(Version 10.0.7) with different post-hoc tests depending on the design of the experiment.

Low P values indicated that the experimental populations were unlikely to be sampled from
populations with equal mean values. Data sets were assumed to be significantly different
when P values below 0.05 were calculated. The test assumed that the data were randomly
sampled, that each value was obtained independent of the others, that the populations were
scattered according to a Gaussian distribution and that the standard deviation (SD) of the two
populations were not significantly different. For data sets with unequal variances t-test from

the SPSS programme was used.
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CHAPTER THREE

CHARACTERISATION OF RIBOZYME CELLULAR ASSOCIATION
IN CULTURED GLIAL AND NEURONAL CELLS

3.0. Introduction

Despite significant advances in imaging techniques, neurosurgery, radiation therapy and
neuro-oncology there is still no effective cure available to treat primary brain tumours and
the prognosis of most patients suffering from these tumours remains dismal. This problem is
further compounded by a diagnosis of approximately 13000 new cases of primary malignant
brain tumours every year in the United States alone (Parker et al., 1996). For patients
suffering from glioblastomas, the median survival is still less than one year after surgical
resection and conventional external-beam radiotherapy (Black, 1991). Several strategies have

been used to treat these tumours as reviewed in (Gutman et al., 2000).

One of the promising strategies currently being studied extensively is the use of highly
selective and target specific ribonucleic acid based molecules, ribozymes, which have been
used as biological tools and therapeutic agents as outlined in the introduction. However, there
are several problems at the systemic and cellular level, which are hampering the development
of exogenously delivered ribozyme therapeutics. These problems include chemical stability,
elimination and poor penetration through biological membranes as explained in the

introduction (see section 1.4).

With the benefit of advances in nucleic acid chemistry more stable structures of ribozyme
have been developed (Beigelman et al., 1995b; Taylor el al., 1992), which has led to an
intense investigation of ribozyme in a variety of biological and disease models in vitro and in
vivo. However, despite advances in the successful application of ribozyme in various
settings, a survey of published literature reveals that no information is available pertaining to
the uptake mechanisms of ribozymes apart from previous work published from our
laboratory by (Fell e al., 1997). In this work it was reported that cellular uptake was a

function of cell type as different cell lines demonstrated differential uptake of ribozyme.
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Moreover, a lead observation was made in another work from the laboratory (Khan et al.,
2000) which showed that antisense oligonucleotides entrapped in biodegradable polymers
when injected site specifically in the neostriatum of rat brains showed a differential uptake in

glial and neuronal cells with neuronal cells taking up antisense molecules more avidly.

In this report it is aimed to further pursue these observations in order to understand and
characterise cellular association properties in cultured glial and neuronal cells from human
and rat species. It was further aimed to carry out a comparison of the cellular association
properties to identify the reasons of differences in mechanisms of cellular association, which
give rise to these differences. Information regarding the cellular association mechanism,
vesicular transport and intracellular trafficking and hybridisation with target site of
ribozymes not only has important implications for the treatment of brain tumours whether
glial derived or of neuronal original with chemically stabilised and catalytically competent
ribozymes but is also essential for the development of novel and robust delivery systems for

these therapeutics to optimise delivery to target sites.

The ribozyme used in this thesis is a 37 mer chemically modified hammerhead ribozyme,
which is targeted against the 3’-untranslated region of the epidermal growth factor receptor
(EGFr) gene, which is over-expressed in a variety of tumours especially in the central
nervous system. The detailed structure of the ribozyme used and an overview of EGFR are
provided in the introduction (see section 1.6 and 1.7). The experiments to characterise the
cellular association of ribozyme were conducted with cultured glial and neuronal cells, which
cells provide an ideal tissue culture model for studying malignancies of the central nervous
system as it is the global aim of this laboratory to discover nucleic acid based therapies for

the treatment of brain tumours.

In order to obtain valid and rigorous results from the planned experiments on cellular
association, the stability of ribozyme was evaluated in different biological media, followed
by determination of optimum seeding density for cellular monolayers and optimisation of
PBS-azide washes to remove loosely attached ribozymes. A series of experiments have been
described in this chapter following the optimisation studies, starting with an investigation of
ribozyme cellular association over a time course in all four cell lines simultaneously, to
identify the extent and pattern of association. This was followed by investigation of the

influence of temperature and metabolic inhibition on cellular association. To further
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determine the nature and extent of association of ribozyme it was compared to mannitol, a
fluid phase adsorption marker, and ribozyme efflux was investigated. In order to determine
the mechanism of cell association, effects of self and cross competition, pH and post-
association trypsin washing were evaluated to investigate the possibility of ribozyme binding
cell surface molecules, which mediate cellular association of ribozyme. Intracellular
distribution was determined by using fluorescein labelled ribozyme and finally South-

Western blotting was used to identify ribozyme binding cell surface proteins.
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3.1. RESULTS AND DISCUSSION

3.1.1. Stability of chemically modified ribozymes

An important consideration in studying the application of any potential drug molecule, in
particular macromolecules such as nucleic acids, is to evaluate its structural stability in all the
environments to which it will be exposed to in the course of experiments and eventually in
therapeutic settings. This is due to the fact that maintenance of structural integrity is an
essential condition of successful delivery and main determinant of efficacy of the
administered molecule. Potential therapeutic molecules such as ribozymes are biologically
labile molecules and are particularly unstable due to their susceptibility to degradation by
ribonucleases. Ribonucleases which are abundantly present in biological environments
causing unmodified ribozyme molecules to degrade within 0.1 minutes (Jarvis et al., 1996),
which results in poor cellular uptake and intracellular availability (Elkins and Rossi, 1995)
(Heidenreich ef al., 1994). For a successful application of ribozymes it is imperative to
enhance the structural stability of ribozyme in biological media. In this regard several
chemical modifications have been investigated as described in section 1.4.1. The ribozyme
used in this study has been chemically modified as described by (Beigelman et al., 1995b) to
improve its resistance to nucleases and structural integrity (see section 1.6). In the following
section the chemical stability of the ribozyme used in this study has been evaluated after
exposure to serum, serum free medium and cellular monolayers of cultured glial and

neuronal cells.

This assessment is essential to determine a time-frame in which the ribozyme is stable for
conducting the cellular association studies to obtain valid and rigorous results from the
cellular association studies of the intact ribozyme and not of degraded fragments. As
described in section 2.3, autoradiography and electrophoresis were used to assess the stability
of the internally labelled ribozyme. Samples exposed to various biological media were
electrophoresed on a 20% acrylamide/7M urea gel for 1.5 hours at 10-20 watts to separate
fragments of different sizes, which had been produced by the degradation of ribozyme as

result of nuclease activity.
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3.1.1.1. Stability of ribozyme in serum medium

The stability of internally labelled ribozyme was investigated over a time course as described
in section 2.6.1 in serum containing medium. Serum medium, which is constituted of DMEM
supplemented with 10% foetal bovine serum (FBS), provides a model for stability studies as
serum possesses significant nuclease activity (Hudson er al., 1996b). In the antisense field,
stability of nucleic acid molecules in serum medium is generally regarded as being
equivalent to stability of nucleic acids in the extra-cellular environment in vivo. Although the
nuclease activity of sera derived from different species may vary, the nuclease activity of
FBS is greater than human and mouse serum (Crooke, 1992). Figure 3.1 shows the stability
profile of ribozyme over a time course starting from 0 to 24 hours in serum medium. In the
diagram upper bands, which are annotated, represent intact ribozyme at various time intervals

with C as a control ribozyme and FL stands for free label.

The control band represents ribozyme which has been unexposed to serum medium and the
band labelled FL was free label which represents unincorporated radiolabel v *P-ATP, which
was radioactive marker used to internally label the ribozyme. The bands present on
subsequent rows under different time points represent degradation products produced by the
action of nucleases. As the diagram in figure 3.1 shows that between the time points 0 h
(minimum exposure to the medium) to 1 hour degradation products were not visible
suggesting that the ribozyme was stable up to this point. In contrast at time point 2 hours to
24 hours degradation bands were visible below the main band for each time points reflecting
the activity of nucleases on the ribozyme with the highest degradation observed at the 24

hour time point.
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Figure 3.1. Autoradioradiograph showing stability of ribozyme over a
time course. The numbers over the bands indicate the time points starting
from zero hours to 24 hours and the abbreviation FL indicates free label
and C represents control ribozyme which was intact ribozyme in sterile
water. Ribozyme was exposed to the medium at 37°C for various time
intervals and analysed on 20% PAGE (TM urea) gel for degradation
products.

Analysis of the degradation pattern shows that there was a progressive increase in the number
of bands indicating a progressive shortening of the ribozyme with increasing time. This
progressive shortening was not likely to be from the 3’-end of the molecule as it was
protected at that terminal with an inverted thymidine, which confers resistance to the
molecule from exonucleases. A possible explanation is that the ribozyme is cleaved into two
halves by an endonuclease at the ribose (unmodified) residue sites on the molecule producing
a non-inverted t chain, which was then subsequently degraded progressively by
exonucleases. However, despite significant degradation of the ribozyme a large proportion of
the ribozyme remains intact even after exposure to the serum medium as shown by the

presence of a relatively intense band in the 24-hour column.

As the stability in serum medium showed ribozyme was not fully stable for time points above
1 hour and therefore does not form a valid model for in vitro cell association studies of
ribozyme. As a result the stability of ribozyme was evaluated in serum free medium next to

identify a suitable medium to conduct cell association experiments.

97



3.1.1.2. Stability of ribozyme in serum free medium

The stability of ribozyme was studied in serum free medium as described in section 2.6.1.
Serum free medium was identical to the serum medium except that it was not supplemented
with fetal bovine serum and therefore had no nuclease activity. Figure 3.2 shows the stability
profile of the ribozyme over a time course starting from 0 hours to 24 hours along with a
control ribozyme in serum free medium. The first lane shows the free label, which was
included to identify if any free label had been removed from the ribozyme at different time
points. The second lane shows the control band, which shows the original ribozyme not
exposed to the biological medium under investigation. The lanes subsequent to these were
bands showing ribozyme exposed to serum free medium for time points 0, 0.5, 1, 2, 4, 6, and
24 hours. Figure 3.2. shows there were no degradation bands visible which could

demonstrate the fragmentation of the ribozyme.

Figure 3.2. Auto-radiograph demonstrating stability of ribozyme over a
time course in serum free medium. The numbers over the bands indicate the
time points starting from zero hours to 24 hours and the abbreviation FL
indicates free label and C stands for control intact ribozyme. Ribozyme was
exposed to the medium and analysed on 20% PAGE (7M urea) gel.

Therefore it appeared that the ribozyme remained stable during the 24 hours after being
incubated for the duration of the experiment in the serum free medium at 37°C. These results
show that ribozyme can be used in experiments in which serum free medium is used without

risk of adverse effect on the structural integrity of ribozyme.
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3.1.1.3. Stability of ribozyme on a monolayer of cells

After investigating the stability of ribozyme in serum and serum free media the stability of
ribozyme was investigated on a monolayer of each of the cell lines. This assay was carried
out to investigate whether any potential secretions of nucleases or phosphatases by the
cellular monolayers can possibly adversely affected the structural integrity of ribozymes. In a
case of such possibility existing, the cellular association study results could be spurious as
the cellular association observed could be of the degraded shorter fragments of the ribozyme.
For this purpose a monolayer of cells was grown as described in section 2.6.2. and the
ribozyme was exposed to this monolayer and its stability studied over a time course at 37°C

and degradation products analysed on 20% PAGE (7M urea) gel.

FL

Figure 3.3. Stability of ribozyme on a monolayer of C6 cells. The
numbers over the bands indicate the time points starting from zero hours
to 24 hours and the abbreviation FL indicates free label and C stands for
control intact ribozyme. Ribozyme was exposed to the medium and
analysed on 20% PAGE (7M urea) gel.

Figure 3.3. shows the stability gel for the ribozyme on a monolayer of rat glioblastoma, C6,
cells. The headings on the columns are as explained in the previous sections. The gel shows
that from time 0 hours to 6 hours there were no degradation bands visible indicating that
there either was no nuclease activity or complete resistance of the ribozyme to any nuclease
activity present. It appears that the ribozyme was demonstrably stable and structurally intact.
However, at the 24 hour time point column there were some faintly visible bands reflecting

slight degradation of the ribozyme despite an intense band at the top of the lane signifying
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that majority of ribozyme was still resistant to nuclease degradation and was physically

intact.

Figure 3.4. Stability of ribozyme on a monolayer of U87 cells. The
numbers over the bands indicate the time points starting from zero hours
10 24 hours and the abbreviation FL indicates free label and C stands for

control intact ribozyme. Ribozyme was exposed to the medium and
analysed on 20% PAGE (7M urea) gel.

Figure 3.4 shows the stability profile of an internally radiolabelled ribozyme on a monolayer
of U87 cells, which are human glioblastoma cells over a time course. As the gel shows there
were no degradation bands for any of the time points ranging from 0 to 6 hours confirming
the stability of the ribozyme on a monolayer of U87 cells in serum free medium. However at
time point 24 hours the ribozyme in the main band is not visible which is probably due to the
fact that after 24 hours the ribozyme is completely taken up by cells either intact or in
degraded fragments and hence no degradation bands were visualised on the gel to evgluate
the stability. From this figure 3.4 it can be safely concluded that the ribozyme remained

intact up to 6 hours on a monolayer of U87 cells.
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Figure 3.5. Stability of ribozyme on a monolayer of GTI cells. The
numbers over the bands indicate the time points starting from zero hours
1o 24 hours and the abbreviation FL indicates free label and C stands for
control intact ribozyme. Ribozyme was exposed to the medium and
analysed on 20% PAGE (7M urea) gel.

Figure 3.5 shows the stability profile of ribozyme on a monolayer of GT1 cells, which are rat
neuroblastoma cells. The internally Jabelled ribozyme remained intact up to 6 hours as shown
by the absence of any degradation bands on the gel from time intervals 0 to 6 hours. At time
point 24 hours the majority of ribozyme was still intact as evidenced by a strong band along
with several more degradation bands visible in this lane reflecting nuclease mediated
degradation of the ribozyme. These results demonstrate that the ribozyme remained intact up

to 6 hours on a monolayer of GT1 cells.

Figure 3.6 shows the stability profile of an internally labelled ribozyme on a monolayer of
SYS5Y cells, which are human neuroblastoma cells. The band headings are as described in the
early section 3.1.1.1. The gel shows that the ribozyme remains intact for up to 6 hours
starting from 0 hours as evidenced by the absence of any degradation bands. At time point
six hours the majority of the ribozyme was still intact but a reduction in the band intensity in
comparison to the bands shows that at this time point a small proportion of the ribozyme
underwent degradation whereas the majority of the ribozyme remained intact. At time point
24 hours the ribozyme there were a few visible bands signifying degradation of the ribozyme
with a large proportion still intact. This result shows that the ribozyme was intact up to 6

hours.
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Figure 3.6. Stability of ribozyme on a monolayer of SYSY cells. The
numbers over the bands indicate the time points starting from zero hours
10 24 hours and the abbreviation FL indicates free label and C stands for
control intact ribozyme. Ribozyme was exposed to the medium and
analysed on 20% PAGE (7M urea) gel.

These above results in which the stability of the internally labelled ribozyme has been
evaluated show that with the exception of serum medium, in all the cellular monolayers and
serum free medium studied, the ribozyme was resistant to nuclease activity and maintained
complete structural integrity for at least 6 hours. The investigated ribozyme had several
chemical modifications to enhance its stability as described by (Beigelman et al., 1995b) and
is described in section 1.6. The stability demonstrated in above assays is a substantial
improvement in stability in comparison to all RNA nucleic acids when exposed to serum
medium which degrades within 0.1 minute (Jarvis et al., 1996). These results allow the
ribozyme to be confidently used in subsequent studies of cellular association of ribozyme in

Vitro.

Autoradiographs of stability studies presented in this chapter were only analysed
qualitatively to ascertain the stability of ribozyme since stability testing was part of
preliminary work to define experimental protocol. A more rigorous approach could have
been possible by carrying out densitometry analysis of the bands visible on autoradiographs
and qualitative analysis assessments made of the ribozyme stability, which was not possible

with these results as some of the autoradiographs were over-exposed.

102




3.2. Cell growth assays

Cell-growth assays were performed in order to assess the pattern and rate of growth of
cultured cell populations as this information was necessary for the design and execution of
experiments. Rate of growth of various seeding densities was evaluated to determine
optimum concentration for seeding cells on plates for experimental work. Determination of
optimum seeding density was important for the design of the experiments as seeding cells at
low densities might lead to no cell growth at all or too high seeding density might lead to
cells being confluent before the end of the experiment. Patterns of cell growth were also
important to obtain valid and rigorous results as cell populations usually grow with a
triphasic pattern starting from lag phase (acclimatization) to log phase (exponential growth)
to stationery phase (confluency), with all phases having distinctly different growth
characteristics. In experimental work such as cell association studies where comparison
between cell lines is undertaken, it is important that all cell populations under study have

similar growth characteristics.

As a result cell populations which are in lag phase do not provide an ideal basis for
comparison as in lag phase populations some cells may be undergoing cellular division
whilst others could still be in a stationary Go phase. An ideal phase for cell association
studies is the log phase in which most cells in a given population are actively dividing and
growing. Statinonary phase like lag phase is not an ideal phase for experimentation as cells
normally by this point have achieved their full growth potential and are not further growing
which is unlike neoplastic cells which are constantly growing. In these assays, cells were
seeded in 24 well plates at stated densities as described in section 2.5 and counted after the

indicated time interval as described in section 2.4.6 to perform growth assays.
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Figure 3.7. Growth curve for C6 cells after being plated in a 24-well plate at seeding
densities of | x 10°, 5 x 10" and 1 x 107 per well (n=3£SD) and incubated at 37 °C for
time periods indicated.
As the graph in figure 3.7 shows all three seeding densities of rat glial cells C6 grow in the
wells albeit with different patterns. The 1 x 10* seeding density wells had a very long lag

phase (3 days) in comparison to the other two densities, along with a slower growth rate in

the log phase.

With the 5 x 10* and 1 x 10 densities there was a 24-hour lag phase after which the cellular
growth entered the log phase, which is called the exponential phase. For these two high
densities the amount of growth in the log phase was different with the 1 x 10° cells having
the highest growth rate (2-fold higher) in comparison to the 5 x 10* seeding density cells and

had a population doubling time of 21 hours approximately.

From these curves the 1 x 10° seeding density was chosen for use in future experimental
work due to its short lag phase and higher growth rate in the log phase. For future
experiments cells were seeded at 1 x 10° cell per well and incubated for 2 days to allow cells

achieve log phase at which point the cell number is approximately 4 x 10°.
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Figure 3.10. Growth curve Jor U87 cells after being plated in a 24-

densities of 1 x 10°, 5 x 10" and I x 10" per well (n= 3_SD) ana’ mcubated_ !
time periods indicated '

For 1 x 10° seeding density the c;ells{,shgwedrfa/:la’gf ,pha”s’ert 4 hours after which thel;celilsj

entered the log phase. The cells had a population doublin of 24 hours in the log phase.
Cell growth rate started to fall off after the hd / '
their high density at this point ha\}e exha ste

entered the stationary phase.

From these curves it was deducted that the bestden’silty; 0 use was the 1 ><

as the cells were in optimal groWﬁ;ﬁ phase for experimentation_‘a_-fte_r}'48'
3.3. Optimisation of PBS-azide washes

As described in the protocol for cellular asscicieitibn:st di portant to remove the -

loosely attached and unbound rlbozyme pos

azide washes andi
optimisation - of these washes is an 1mportant step ellular as’soci’aﬁ’on,' _ ’
experiments. As unnecessary washings would damage th monolayer resultmg 1n
underestimation of the cellular association and s1m11aﬂy use of less than optimal washeS;
would result in overestimation of cellular association leadmg to false deductlons and less: .

rigorous results. An assay was carried out to determine the optlmum number of PBS a21de,

washes required to remove all loosely bound and unbound labelled nbozyme from cellular \

monolayers as described in section 2.7.2.
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ctively. The value for

as being increasingly

monolayer and there was no such dlsturbance observed up to the sixth wash. These results

show that three washes provide the optimum number of washes required to rem,oye_loo‘s"
attached ribozymes from the cellular-monolayers. Results for the other cell hne T1, SY5
and U87 were similar to C6 and therefore not shown here. On the ba51s\ of \\these result
cellular association protocols used: in this thesis melude;three washes for the ~,cel-1ular | “

association studies when using free ribozyme. -
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Figure 3.11. A graph showing the results of an assay to determme the number of PBS-
azide washes to remove loosely bound labelled rtbozyme from the cellular monolayer
of C6 cells. N=3 +SD et 2 "1
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and neuroblastoma cells from

ellular association with a

view to investigate if there was any differe extent of cellular association

of ribozyme across type and species of cells,

This investigation was carried out ‘aCC’ofd/ing to the eXpenmental protocol described in
section 2.7.3 with the experiment conducted for up to 6"ho/ﬁrs/&by inéubating ribozyme in

serum-free medium on cellular monolayers. Figure 3.12 shows the results of the cell,u‘llag‘

association studies of ribozyme for the cell lines, C6 (rat glioblastoma) and GTI (ra
neuroblastoma), carried out over a time course of 6 hours for selected time points, 1, 2, '3_,«’_43 .
and 6 hours. For all time points the plotted mean values were normalised to cell number

across all cell lines to obtain a rigorous comparison between time points and cell lines.
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Figure 3.12. Cellular association of ribozyme in C6 and GTI cells dver/ciz time course.
Error bars represent n=3 #SD. -

The mean percent cellular association values for C6 cells at t';im/e,p’oints 1 hour, 2 hour, 3
hour, 4 hour, 6 hour were 0.15%, 0.17%, 0.22%, 0.53%, 0.62% resﬁébtively. As these figures
show the mean cellular association values, overall, were sigﬁiﬁéanﬂy different (F(4.105= 185,
P<0.01) at different time points. Cellular association increased steadily for the first 3 hours
and then rapidly increased by 2.4-fold at the 4 hour time point and then plateaued for the 6

hour time point. For the first 3 hours there was a steady increase in the mean values of
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cellular association but this 1 increase was
post-hoc tests, however at the tlme pomts 4 hour and 6. h@u

association were 51gn1ﬁcant1y dlfferent from the fi

which were statistically significantly different. (F(410)=217,P<001) As the pattern of
cellular association shows the mean values for the cellularassoc1at1onfor the first three time
points were rising with time but there was no statistical differ;:ngc in values as indicated by
post-hoc tests. With the remaining two time points, 4 and 6 hour, there was a statistical
difference in mean values with each other and also from the first three (1-3 hour) time points

(p<0.05).

Similarly, as shown in figure 3.13, the ribozyme cellular association values in the human
neuroblastoma cell line, SYSY, for the same time points were 0:10%, 0.13%, 0.21%, 0.34%
and 0.51% respectively. With this cell line a slightly different pattern in comparison to other

three cell lines was observed. There was a constant ste d ular association from

the 1 hour time point up to 6 hour time point and ther/;:? acute rise in assomatlon
between the third and fourth hour time point observed. Statlstlcal ana1y51s showed that within

this cell line the difference in time points was significant (F @10~ 3.97, P<0.05).
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Figure 3.13. Cellular association of ribozyme in SYSY and US87 cells over a time
course. Error bars represent n=3 +SD.
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Post- hoc results 1ndrcated that ﬁrst three» t )
values whereas wrth 4 and 6 hour tlme pomts the cellular associat

different.

Finally for the human glioblastoma cell lme“US

0.22%, 0.25%, 0.61% and 0.76% for the time pulnts 1, 4// and 6 hour respectrvely, which

were statistically significantly different to each other (F(4 10)—?61 P<O Ol) However further

analysis with post-hoc tests indicated, the first three tlrrrezpomts were not 31gn1ﬁcantly
different from each other but the last two time pomts were s1gn1ﬁcantly different to each
other and to the first 3 time points. The pattern for association was similar to the above two

rat cell lines with a steady rise in cellular association for the first 3 hours and then relatively

113) the ﬁgures were 0. 18%, - -

greater association for the 4 hour time point after which the mean values for cellular -

association entered a plateau phase. In all the cell lines, generally, the assomatlon pattern was

similar in all cells with low association observed for the first three hours which prebably
represents an equilibrium between the association to the cell surface and entrapment in early
endosomic vesicles and recycling back to the surface (early efflux phase). After three hours

greater ribozyme amount was transported in to the cytopl ] 1ddle and late endosomlc,

vesicles resuting in increased cellular assoc1at10n as shown in the graph between the threef
and four time points. After this time per1od the r1bozyme assocrat,lon proﬁle plateaus

representing saturation in the association process.

Overall across the cell lines, in terms of the extent of cell association, there was a s1gn1ﬁcant\; .

difference in the cellular association of ribozyme (F340= 52.3, P<0.05) with the human .

glioblastoma cell line showing the highest cellular association for all time points followed by
rat glioblastoma cell line C6. The third highest association was observed with the human
neuroblastoma cell line, SYSY, at time points 3 and 6/h0ur§: fol/leuved by rat neuroblastoma
cell line, GT1, which had the lowest cellular association. Across the cell lines there was no
significant difference in time points 1, 2 and 3 hours (p>0.05). However for the time points 4
hour and 6 hour there was significant difference betWeeh ‘the neuroblastoma and
glioblastoma cell lines within each species (p<0.05). For the time point 6 hours there was no
statistical difference between the glioblastoma cells across the species (p>0.05) but there was

significant difference between the neuroblastoma cell lines across the species.
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It must be noted that the mterpretatron of exrste. ce

and neuronal cells of rlbozyme must be v1ewed w1th ‘caution
association of ribozyme was poor (less than 1%) and the dlffere ces :
marginal despite being statistically sronrﬁcantly drfferent in thls expenment Moreover thei "

liquid scintillation counts obtained for the lys/

ac "‘nsk were very low in these

experiments which do not allow strong conclusrons to be//formulated In hindsight an ‘
experimental design, probably a block desn,n, w1th rephcates greater than three, to take
account of variability due to the cellular monolayers small quantrtres of r1bozyme(p1comolar
range) and variability in radioactivity counts, would have been appropriate to enable a robust

conclusion.

As mentioned in the introduction, to date only two studies have been \publi\she\d’ to
characterise the cellular uptake properties of ribozyme (Fell ef al., 1997), (Bra\ml\ageez" aZ,
1999), despite successful demonstration of ribozyme efficacy in a variety of experimental
and disease models as reported in the literature (see tables 1.3.1, 1.3.2 and 1.3.3). The resulfs
of cellular association of ribozyme over a time course obtained in this study are consistent

with the findings of (Fell e al., 1997) in which nbozyme uptake was time dependent and

reached a plateau phase after four hours. Slmllar trends i in uptake over a time course have
been reported with antisense oligonucleotides, molecules which share several properties with

ribozymes (Normand-Sdiqui and Akhtar, 1998 Wu;pofn,g/et al., 1992; Loke et al., 1989;
Shoji er al., 1991; Walker et al., 1995).

However, in contrast to observations with antisense oligonucleotides which were more avidly

taken up by neuronal cells (Khan er al., 2000), (Sommer et al., 1996) in comparison to gliél.

cells, the ribozyme in vitro had shown a similar affinity for glial and neuronal cells. The

absence of a pattern similar to in vivo study could be due to in vitro nature of the experiment.

In summary these results indicate that cellular associaﬁoﬁ of ribozyme was dependent on
time and was very limited and furthermore a comparison of cell lines of different species and
types suggested that glioblastoma cell lines associate similar ribozyme to neuroblastoma

cells.
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3.5. Effect of temperature on the ce

Evaluation of cellular association of ribozyme over a time course de

association increases with time up to 4 hours and
further understand whether this cellular aséociét,
cellular association was investigated at two dlfferent emper tﬁres For this purpose the
cellular association of ribozymes was studied for four hours at 37°C and 4°C as described in
section 2.7.4. The results of this investigation are shown in the ﬁgure 3.14. The mean cellular
association for C6 cells at 37°C and 4°C was 0.29% and/(/j/.09% respectively. Giving a
difference in cellular association of 3.2 fold and was sfétistically highly significant (Tg= 3.1,
P<0.01). For the rat glioblastoma cell line, GT1, the respective percent cellular association
was 0.23% and 0.15% giving rise to a significant difference of 1.5 fold in cellular’asso\c\i”at\ion\ =
(Tg= 0.01, P<0.001). Human neuroblastoma cell line, SYSY, had a cellular associét’ion’ of
0.15% for 37°C and 0.12% for 4°C, which resulted in a difference of 1.25-fold and which ,
was statistically significant (T(gy= 1.45, P<0.05). Finally, the human glioblasfoma cell line,
U87, had a percent cellular association of 0.29% for 37°C and 0.14% for 4°C havmg a
difference of 2.1-fold which was statistically s1gmﬁcant (T(g)‘— .3, P<0.01).
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Figure 3.14. The effect of temperature on cellular association of ribozyme in C6, GT1I,
SY5Y and U87 cells. The bars in white colour show the cellular association for each cell
line at 37°C and black bars show cellular association at 4°C. Error bars represent
n=3£5D.

As the figures above show all cell lines demonstrated a similar pattern of cellular association

at the two temperatures studied reflecting that the cellular association was dependent on
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temperature and therefore was an ae Ve T 'e—s

probably suggests that there also may be non-energy dependent compon‘_

cellular association as well.

In terms of the extent of cellular assoc1at10n the dlffe ! c ular association at the two '

temperatures was higher in glial cells in comparison to the neuronal cell lines. This could be
explained by the fact that the extent of cellular asso<:1at10n;_1n ghalf cell lines was generally
higher as shown in the previous section which led to a more pronounced difference in
cellular association at the two temperatures In contrast the neuronal cell lines, GT1 and
SYS5Y showed a relatively lower temperature dlfference in cellular association, which could
be explained by the fact that neuronal cells have a relatively less cellular association of

ribozyme.

These results are in general agreement with previous studies in which it was shown that
cellular association is dependent on temperature (Fell et al., 1997). Similar results were
/njugated to a transfemn

reported in a study by Hudson e al., (1999) in WhICh ib me

receptor antibody had a 5 fold lesser uptake at 4°C compared to uptake at 37°C Reductlen in

the cellular association of antisense ohgonucleotldes have been observed in all of the studles

of characterisation of uptake of these molecules (Wu—pong et al., 1992;  Deshpande er al

1996). From results obtained in this experiment and conclusmns drawn with ohgonucleoudes .

studies it can be suggested that that the association of ribozyme was a com\b’inatiph_\_,tef act

and passive processes.
3.6. Effect of metabolic inhibitors on the cellular association of ribozyme

Studies to evaluate the effect of time and temperature on the cellular association of ribozyme
demonstrated that cellular association was largely dependent on temperature, which
suggested it can be an active process. Active processes by deﬁnition are dri\}en by energy
and therefore are energy dependent. In order to further evaluate that cellular association seen
in these experiments was an active, energy dependent process, cellular association was
undertaken after depleting the cells of energy to observe if this manipuiation can lead to

lesser association. For this purpose cells were depleted of energy by pre-incubation with
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inhibitor) for 1 hour prior to the addition of ribozyme to the ¢

study carried out as described in section 2.7.5.
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Figure 3.15. The influence of metabolic inhibitors on the cellular association .of
ribozyme in C6, GTI, SYS5Y and U87 cells. Cells were pre-incubated with-metabolic
inhibitors at 37 °C for 4 hours in the presence of inhibitors. Error bars represent
n=34SD.

Figure 3.15 shows the results of ribozyme cellular association in the presence of metabolic
inhibitors for all cell lines along with control cells wh1 ih er ’;/cells undergoing nomnal'
cellular association and without any metabolic inhibitors pre- mcubated with these cells. The'

rat glioblastoma cell line C6 had a cellular association of 0.59% for control cells whereas

experimental cells which were pre-incubated with metabolic inhibitors the association was

0.14% giving rise to a difference of 4.3 fold which was statistically 51gn1ﬁcant (Tay= 1 2 . .

P<0.000). Similar results were seen with GT1 cells in which the cellular assomanon for f:

ribozyme alone was 0.55% and was 0.18% in the presence of metabolic inhibitors giving rise
to a significant difference of 3 fold (T)= 2.3, P<0.000). For the human neuronal cell line,
SYS5Y, the cellular association was 3.4 fold different and was statistically significant (Ta=
2.8, P<0.05). Finally for the human glial cell line U87 there was a signiﬁcarlt difference of
1.5 fold (Tw= 0.8, P<0.05) between the control and experlmental cells. In all cell lines
studied the pattern of reduction in cellular association of ribozyme after energy depletion was
similar, however, in U87 cells despite the absence of any metabolic energy there was a
noticeable cellular association which could be due to a non-energy requiring passive process.
These results show that generally the cellular association was an energy dependent process
with a small component of passive non-energy requiring component. These results are in

general agreement with previous studies which have showed similar patterns of reduction in
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nucleic acids binding to cells after ener:g;y depletic
1997).

3.7. Cellular association of fluid phase marker ’ni/ann/it/ol‘

Results from studies conducted so far show that the c,élliilrér"éésci);ciation time dependent and
included a temperature and energy-dependent component-along with a small degree of non-
energy dependent component. Generally an enéfgy and temperature dependence in a cellular
association process indicates that the association of ribozyme in cultured cells could possibly
be an endocytotic process. Endocytosis is a process whereby cells acquire metabolically
necessary substances from outside the cell by an energy dependent internalisation process.
This internalisation depends on the nature of the molecule internalised and could be
facilitated by a carrier or a receptor with the mechanism of internalisation being surface
adsorption or pinocytosis (cell drinking). In order to investigate whether the cell lines under
investigation had any pinocytotic component in their internalisation ‘mechanism, cellular
association of a fluid phase marker '*"C mannitol was studied over a time course. Mannitol is
a glucose dimer which is exclusively taken up by cells via the fluid phase endocytotic
process (Besterman ef al., 1981) and is used as marker tor,ider/itify,aﬁy,;/ipino.Cytosis' carried out

by cells.
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Figure 3.16. Shows the cellular association of '"C mannitol in comparison with
ribozyme over a 2-hour time course in C6 cells. Error bars represent n=3 +SD.

Figures 3.16 and 3.17 show the cellular association of mannitol along with ribozyme at 37°C

over a time course in rat glial and neuronal cell lines.
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Figure 3.17. Shows the cellular association of '"C mannitol in comparison with
ribozyme over a 2 hour time course in GTI cells. Error bars represent n=3 +SD.

The data from these graphs show that cellular association of mannitol was extremely low and j
can be considered to be negligible, indicating that these cells do not have any element of
pinocytosis in the overall endocytotic process of the cells. Similar results have been seen
with the human neuroblastoma and glioblastoma cell lines in respect of the cellular

association of mannitol as shown in figure 3.18 and 3.19.
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Figure 3.18. Cellular of association of mannitol along with ribozyme over a time
course in SY5Y cells. Error bars represent n=31SD. Error bars represent n=3 +SD.

From this data it can be infered that the cellular association mechanism for ribozyme had no
pinocytotic component as there was neglegible constitutive pinocytosis occuring in cells.
These results are consistent with other studies (Fell et al., 1997; Islam et al., 2000) in which

mannitol was reported to have negligible uptake implying no uptake via pinocytosis.

117



’—e—'Ribozym.é
c 0.5 - . -
o —@— Mannitol
®
% 0.4
S 03-
©
E
3 02-
O
= 01 -
B — W
0 ] T
0 0.5 1 1.5 2
Time (h)

Figure 3.19. Cellular of association of mannitol along with ribozyme. over a time
course in U87 cells. Error bars represent n=34SD. Error bars represent n=3 +SD.

These results support the explanation that the ribozyme association with cells could not be
facilitated by a pinocytotic process as there was no constitutive pinocytosis taking place in

the cells.
3.8. Effect of self-competition on the cellular a/ssociati’oxi’df"riBOiyiiié

To further elucidate the binding characteristics of the ribozyme during the cellular
association mechanism, the internally labelled ribozyme was co-incubated with increa_siﬁg,
concentrations of cold (unlabelled) ribozyme with the aim to evaluate any c'hange’in”\th\é_
cellular association of ribozyme. Any reduction in cellular association as a result of
competition with a cold ribozyme would indicate specificity in the association mechanism

and would exclude non-specificity. The protocol for this study is described in section 2.7.7.

The results for this study for all cell lines are illustrated in figure 3.20. The first set of bars in
the chart represent the results for the rat glioblastoma C6 cells. There was a significant
reduction in the cellular association of ribozyme as the concentration of cold ribozyme
increased (F(3 8= 9, P<0.05). Post-hoc tests showed that there was no significant difference
observed between the control group and the experimental group in which the hot and cold

ribozyme had a one to one ratio (P>0.05). However, when the concentration of the cold
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ribozyme was 10 and 100 times greater, associa

by 2 and 3-fold respectively (P<0.05).
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Figure 3.20. Cellular association of co-incubated labelled ribozyme with increasing
concentrations of cold (unlabelled) ribozyme. Data represents n=324SD.

Similar results were seen with the rat neuroblastoma cell line, GT1 in which the control was
not significantly different to the cells, which had been co-incubated with equal amount of
unlabelled ribozyme. However when the concentrations were /1:0:1%1:1(1 100 tinlés, higher the
cellular association was significantly reduced (F 8= 79, P<0.0QO), This reduction was 2-fold
with 10-fold higher concentration group and 3-fold with 100-fold higher group
concentration. In contrast to the above two cell lines the rat neuroblastoma cell line, SYSY,
there was significant reduction in cellular association with all experimental gmu}ﬁs in
comparison to the control (F gy= 92, P<0.001). This reduction was 2-fold, 3-fold and 3-f<\)ld\‘ \
as the competing unlabelled ribozyme concentration ratio increased from 1, 10 and 100 times
respectively. Finally for the human glioblastoma cell line, U87, the pattern of reduction Qf
association in the presence of increasing amounts of competing unlabelled ribozyme was
similar to the C6 and GT1 cells. There was no significant difference between the control and
the first group whereas with the third and fourth group of cells there was significant
reduction in the cellular association (Fg= 5.3, P<0.05). This reduction was approximately

2-fold.

A comparison of the pattern of reduction in cellular association between cell lines with

increasing concentrations of cold ribozyme, shows that generally at the high concentrations
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(10x and 100x concentrations) there was a‘" os\im‘v‘i-lﬁar reduction | 1 the

to the extent of reduction in the cellular association with ~se1f-compe’t‘i{t"ioﬁ-,;‘thei;a
is not greatly reduced (two to three fold) despite a hundred fold increase in the concents
This could be explained by the suggestion that the extent of association of r1bozyme as
shown by previous results, is very inefficient and therefore a large excess of cold ribozyme is
required to reduce the cellular association. Moreover there appears to be no significant
difference in the pattern of reduction in association between the cell lines. This dose-
dependent inhibition in the association of labelled ribozyme reflects that the association was
was open to inhibition with self-competition. This suggests that the association was
indicative of specific cell surface binding mechanism possibly mediated by binding proteins.
These results further demonstrate that that in all cell lines the association of ribozyme was
not a non-specific phenomenon but rather a specific process. This specificity in the cellular
association indicates the presence of a structure anchored in the cell membrane, which could

potentially be a carrier or receptor, which specifically mediates the association process.
3.9. Assessment of cell surface protein binding of ribozyme

Results obtained so far suggest that the association of ribozyme could be mediated by a
carrier or receptor macromolecule anchored on the cell rﬁembrane. In order to further
characterise the nature of the ribozyme-binding molecule, whether it is a lipid or protein, and
estimate the amount of ribozyme association to surface proteins post-association trypsih
washings experiment was carried out. The rationale for this experiment was that if the
ribozyme binding surface molecule was a protein then once the ribozyme was bound to it
then this complex will be susceptible to removal with a proteolytic enzyme such as trypsin
and if the mediating molecule is a lipid then no bound ribozyme will be able to be washed off
with trypsin. The procedure for this experiment is described in section 2.7.10 and the results

are described and discussed below.

The results for the post cellular association trypsin washing for human glioblastoma cell line
C6 are illustrated in figure 3.21. Total cellular association of ribozyme was taken as control
and in comparison to this there was 94% association of ribozyme with the trypsin sensitive
cell surface proteins and 4% associated with the lysate fraction which might constitute of

non-trypsin sensitive protein sites, lipids or taken up by the cells.
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Figure 3.21. Effect of trypsin washing on cellular association of
ribozyme in C6 cells. n=34SD.

For the rat neuroblastoma cell line, GT1, the protein associated ribozyme was 78% of the
total cellular association as shown in figure 3.22 and for the human neuroblastoma cell line,

SY5Y, the membrane associated fraction was 83% (figure 3.23).
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Figure 3.22. Effect of trypsin washing on cellular association of
ribozyme in GTI cells. n=34SD.
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Figure 3.23. Effect of trypsin washing on cellular association of
ribozyme in SY5Y cells. n=34SD.
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For the human glioblastoma cell line, U87, the membrane cellu

the lysate fraction was 8% as illustrated in figure 3.24.
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Figure 3.24. Effect of trypsin washing on cellular association of
ribozyme in U87 cells. n=34SD.

These results show that a large proportion of ribozyme complexes with cell membrane bound
proteins, which are sensitive to trypsin and the remaining fraction could either bind to non-
trypsin sensitive protein or cell surface molecules such as lipids, glycoproteins etc or the
ribozyme was endocytosed by cells. It can be concluded from these results that ribozyme
association in all cells was consistent with the explanation that the large proportion of
ribozyme cellular association was mediated by trypsin ’éehsitii?é ‘proteins present on the

surface of cells.
3.10. Effect of competitive inhibitors on cellular association

Investigation of self-competition of cellular association of ribozyme in the previous section
implied the presence of a cell membrane anchored lipid or protein structure, which mediates
the cellular association process. This cell surface structure was further characterised by
trypsin washing experiment and was found to be a protein by nature. To further determine
the specificity of this putative protein structure, cellular association of ribozyme was
investigated in the presence of large polyanionic nucleic acid molecules such as adenosine
triphosphate (ATP), salmon sperm DNA and non-nucleic acid polyanionic molecules such as
dextran and heparin as described in section 2.7.8. The rationale for selecting short and long
chain nucleic acid molecules such as ATP and salmon sperm DNA was to investigate
whether the length of the nucleic acid was of importance for competitively inhibiting

ribozyme cellular association. As ATP was a single base monomer and salmon sperm DNA
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was a long chain DNA sequence which possessed a large number of anlomc charges To
further differentiate the specificity of the association medlatmg cell

molecules large non-nucleic acid polyanionic molecules such as dextran and-hepan_n wer

used as competing agents.

Figure 3.25 represents the reduction in percent cellular association of ribozyme in the
presence of competitive inhibitors for rat glioblastoma cell line C6. The cellular association

of ribozyme in the absence of any inhibitors was 0.28% and was used as a control for the

interpretation of the results of this experiment.
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Figure 3.25. Graph showing percent cellular association of internally
labelled ribozyme in the presence of ATP, dextran, heparin and salmon

RBZ
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sperm DNA in C6 cells (n=3£SD).

Co-incubation with competitive inhibitors reduced the cellular association significantly
(Fa20=19.324, P=0.001). In the case of co-incubation with ATP the cellular association was
0.16%, which was a 57% reduction in comparison to the control. For co-incubation with
Dextran the association was 0.10% resulting in a reduction of 36%. For heparin the cellular
association of ribozyme had a mean cellular association of 0.05% reducing it to 17%. Salmon
sperm DNA co-incubation reduced the association to 0.02% causing it to be reduced to 7%
of the control. The effect of cellular association of ribozyme in the presence of competitive
inhibitors in rat glioblastoma cell line GT1 is shown in figure 3.26. The cellular association

of ribozyme without co-incubation with competitive inhibitors was 0.20% and this value was

used as a control for the analysis of the results.
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7Figure 3.26. Graph showing percent cellular asgociaf;;n of inter;;ally
labelled ribozyme in the presence of ATP, dextran, heparin and salmon
sperm DNA in GTI cells (n=34SD).

As the results show co-incubation of ribozyme with these competitive inhibitors resulted in-a
significant reduction in cellular association (Fu20= 10.990, P=0.001). Co-incubation with
ATP gave a mean association value of 0.14%, which was a reduction to 70% in comparison
to the control. In the case of competition with dextran, heparin and salmon sperm DNA the

association was reduced to 40%, 15% and 20% respectively in comparison to the control.

Similarly for the human neuroblastoma cell line SYS5Y, co-incubation of ribozyme with
competitive inhibitors resulted in significant reduction in cellular association (F 11y= 17.478,
P=0.000) as shown in figure 3.27. Cellular association of ribozyme in the absence of
competitive inhibitors was 0.13%. This association was reduced to 84% when the ribozyme
was co-incubated with ATP as shown by a cellular association of 0.11%. Co-incubation with
dextran gave an association of 0.02% resulting in a reduction to 15%. When heparin and
salmon sperm DNA were used the cellular association was 0.04% and 0.02% respectively.

These reductions in cellular association were 31% and 15% in comparison to the control.
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Figure 3.27. Graph showing percent cellular association of internally
labelled ribozyme in the presence of ATP, dextran, heparin and salmon
sperm DNA in SYSY cells (n=34SD).

The cellular association of ribozyme in human glioblastoma cell line U87 is illustrated in
figure 3.28. As with the other cell lines there was a significant reduction in the cellular
association of ribozyme by co-incubation with polyanionic molecules (Fa10= 20.35,
P=0.001). There was a 36, 43, 71 and 86% reduction in the association in comparison to the
control cells when cells were co-incubated with ATP, dextran, heparin and salmon sperm

DNA respectively.
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Figure 3.28. Graph showmg percent cellular association of mlernally
labelled ribozyme in the presence of ATP, dextran, heparin and salmon
sperm DNA in U87 cells (n=34SD).

These results show that the cellular association of ribozyme was inhibited by co-incubation
with polyanionic molecules reflecting that the cell surface protein which binds to the
ribozyme was not specific for ribozyme association. This putative carrier/receptor surface

protein molecule seems to interact with ribozyme in an ionic fashion as shown with the
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influence of pH on association (see section 3.11) and is s sceptlble to competltlon from other

polyanionic molecules. Competitive inhibition with ATP was the lowest from all

and the largest competitive inhibition was observed with salmon sperm DNA reﬂectmg
fact that these molecules share the same proteins and mechanism of association w1th thc_
ribozyme. Greater inhibition of association was observed with salmon sperm DNA, which
has a long sequence and hence greater anionic character in the molecule leading to higher

binding with surface proteins.

Beck et al., (1996) has reported that uptake of oligonucleotides is dependent on length of the
molecule with increasing length leading to increased uptake. Similar competitive inhibition
was seen with heparin and dextran reflecting that ribozyme association was mediated by
surface proteins therefore involves a non-specific component. These results are in general
agreement with studies of oligonucleotide competition with polyanionic molecules. Loke et
al., (1989) reported competitive inhibition of oligonucleotide by single nucleotides such as
ATP and also by large molecules such as plasmid DNA. Bennett ef al., (1985) had observed
a reduction of oligonucleotide uptake by co-incubation with heparin. In another report to
assess the effect of polyanions on the uptake of oligonucleotides, Wu-pong et al., (1992)
observed a significant reduction in uptake by pre-incubation with 100 molar excess of ATP,
random-sequence oligonucleotides, salmon sperm DNA and dextran sulphate. The results
shown and discussed in this section demonstrate that that carrier protein molecules mediating
the cellular association of ribozyme can be competitively inhibited by large polyanionic
molecules. This reflects a non-specific hybridisation element in the interaction of ribozyme

with these putative cell surface proteins.

3.11. Effect of pH on cellular association of ribozyme

In order to further understand the nature of cellular association mechanism the cellular
association of ribozyme was investigated in growth medium at a range of pH values. Cells

were seeded at 1 x 10° cells per well and incubated with internally labelled ribozyme over a
p y

range of pH values as described in section 2.7.9.

Figure 3.29 shows the results of the influence of pH on the cellular association of ribozyme

on a monolayer of C6 cells. The graphical representation illustrates that cellular association
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of ribozyme increases significantly as the pH decreases (F3 o= 140, P<0.001). AtpH 5 there

was a 5-fold increase in ribozyme cellular association and a 4-fold cihb&ea_sq at pH
comparison to pH 7. Whereas, at basic pH value 8, there is no significant change in cellular

association as shown by post-hoc tests (p<0.05).
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Figure 3.29. Effect of pH on cellular association of ribozyme on a
monolayer of C6 cells. Data represents the means (n=3)#SD.

The cellular association of ribozyme as function of pH on a monolayer of GT1 cells is
represented in figure 3.30. As the results show there was a /signiﬁcant rise in ribozyme
cellular association as the pH value decreases (F3 j1)= 22, P<0.001). This increase relative to
other cell lines is moderate with pH 5 increasing the association by 3-fold. The mean cellular
association values at other pH values were different but not significant statistically as shoywn

by post-hoc tests (P<0.05).
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thure33 0. Effectof pH on cellular association of ribozyme on a
monolayer of GT1 cells. Data represents the means (n=3)£SD.
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Figure 3.31 illustrates the influence of pH on the cellular association of ribozyme or
monolayer of human neuroblastoma cell line SYSY. As the graph shows, there was a large
and significant increase in the cellular association of ribozyme with a reduction in pH

(F(}JO): 111, P<0.000).
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Figure 3.31. Effect of pH on cellular association of ribozyme on a
monolayer of SYSY cells. Data represents the means (n=3)24SD.

At pH 5 the cellular association of ribozyme was 12-fold higher in comparison to pH 7
whereas at pH 6 there was a slightly lesser increase of 9-fold. There was no significant
change in cellular association observed at pH 8. Post-hoc tests revealed that mean association
at pH 5 and 6 were not statistically different to each other but were significantly different to

association at pH 7 and 8 (P<0.05).
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Figure 3.32. Effect of pH on cellular association of ribozyme on a
monolayer of U87 cells. Data represents the means (n=3)4SD.
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Finally, the cellular association of ribozyme on a monolayer of human gli,olblast\gma\,céllhsi .
(U87) is represented in figure 3.32. This cell line exhibited a similar pattern to C6 énd SYSY
cells with a significantly large increase in cellular association as pH decreases (Fi 11y= 14,
P<0.001). Post-hoc tests revealed that at lower pH values of 5'and 6 there was a significant
difference in association whereas there was no significant difference in the cellular
association values between pH 5 and 6 (P<0.05). The difference at pH 5 and 6 was two fold
with respect to pH 7. In contrast at pH 8 there was 2-fold reduction in the cellular association

of ribozyme, which had not been observed with other cell lines.

In terms of intercellular differences in response to changes in pH, human neuroblastoma cell
line, SYS5Y, was most sensitive followed by rat glioblastomas C6 and human glioblastoma
U87 cells with the rat neuroblastoma cell line SY5Y showing the lowest response to changes
in pH. These results are in general agreement with other published work on ribozyme and
antisense oligonucleotide (Fell ef al. 1997), (Beck ef al. 1996) where a similar increase in
uptake of oligonucleotides was observed. The results of this experiment suggest that the
putative ribozyme binding cell surface proteins are sensitive to changes in pH by exhibiting a
greater affinity for ribozyme at acidic values leading to increased association. It has been
postulated previously that enhanced binding observed at low pH could be due to the presence
of a 34-kDa membrane protein receptor that functions around pH 4.5 (Goodarzi et al., 1991).
This could be due to fact that certain amino acids such as histidine present in proteins, which
have a pKa of 6.5 are susceptible to protonation over a pH range of 7.2 to 5.0. In this
experiment as the pH of the medium was reduced the binding proteins were protonated at the
amino or carboxylic acid terminals of the amino acids leading to greater attraction of

oppositely charged ribozymes resulting in greater binding with the polyanionic ribozyme.

3.12. Dissociation of ribozyme from cellular monolayers

Ribozyme cellular association reaches a plateau phase after four to six hours of exogenous
administration as shown by time course profiles in figure 3.4. The plateau phase indicates
that cellular association is a dynamic process representing both association and dissociation
at equilibrium. At the plateau phase if the ribozyme containing external medium is removed
and replenished with fresh medium at selected intervals the amount of ribozyme dissociated

can be assessed by plotting an dissociation profile. Such a dissociation profile can provide
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clues about the sub-cellular distribution of ribozyme in cytoplaSmic‘ compartments over a

time course.

For this aim a dissociation study of ribozyme was conducted with all cell lines over a time
course as described in section 2.7.6. Figures 3.33, 3.34, 3.35 and 3.36 show the dissociation

profiles of ribozymes following incubation of ribozyme for 4 hours for all cell lines.

The dissociation pattern of rat glial cell line, C6, is shown in figure 3.33 as reduction in
percent assoclated ribozyme over a time course of six hours. In the first hour, the associated
ribozyme was reduced to 70% and further fell to 39% with a constant rate till 3-hour time
point. After the 3-hour time point the rate of release of ribozyme from cells was reduced and
by 6 hours 26% of associated ribozyme still remained in the cells. This pattern of release can

be described as a biphasic release of ribozyme from cells.
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Figure 3.33. Dissociation profile of internally labelled ribozyme from C6 cells
shown by reduction in percent internalised ribozyme over a time course. n=3 £SD.

The first phase, which is the fast release period from time points 0 to 3 hours had a higher

gradient value of 0.31%/s in comparison to the second slower phase, which had a gradient of

value of 0.10%/s.

The dissociation profile of internally labelled ribozyme for rat neuroblastoma cells, GT1, is

shown in figure 3.34 and the pattern of release was quite similar to the dissociation profile of
C6 cells.
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Figure 3.34. Dissociation profile of internally labelled ribozyme from GTI cells
shown by reduction in percent internalised ribozyme over a time course. Error bars

represent n=3 #SD.

The release pattern had two different rates of release with the first phase exhibiting a faster
reduction in associated ribozyme in comparison to the second phase. In the first phase the
associated ribozyme was reduced to 54% which lasted up to 1.5 hours with a rate of 0.74
%l/s. The second phase from 2 hours to 6 hours had a slower efflux profile with a rate of
associated ribozyme reduction of 0.07%/s. After 6 hours there was still 40% ribozyme

associated with the cells.

The dissociation profile for human neuroblastoma cell line SY5Y is shown in figure 3.35,
which has a similar pattern of biphasic release as the first two lines described earlier on in the
section. The first ‘fast’ release profile which ends at 2 hour time point has a higher gradient
of 0.4%/s in comparison with the second ‘slower’ phase which had a gradient of 0.07%/s. At
2h time point, which is at the end of the first phase there is a 52% reduction in the total
associated ribozyme. In the second as lesser gradient value reflects there is slower reduction

in the associated ribozyme with 40% ribozyme remaining associated after 6 hours.
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Figure 3.35. Dissociation profile of internally labelled ribozyme from SYSY cells
shown by reduction in percent internalised ribozyme over a time course. Error
bars represent n=3 4SD.

Finally the dissociation profile of ribozyme from human glioblastoma cell line U87 is shown
in figure 3.36. The profile exhibited a biphasic pattern with the first phase providing a faster
release with a gradient of 0.11%/s and the second phase providing a slower release with a
gradient of 0.02%/s. The first phase lasted up to three hours and the second phase, which
started from 3 hours and continued to 6 hours. After 6 hours there was still 60% ribozyme

remaining associated within cells.
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Figure 3.36. Dissociation profile of internally labelled ribozyme from U87 cells
shown by reduction in percent internalised ribozyme over a time course. Error
bars represent n=3 £SD.



In terms of comparison of the dissociation profiles of fiboZymes between cells the U87 cells.
transports the associated ribozyme relatively quickly to the deeper compartments as reflected
by less steep curve in comparison to the other cells. Similar results to this have B.een ~_rep0_rte_.d
by Fell et al., (1997) and Islam e al., (2000) whom have also observed a similar pattern of

biphasic release suggesting a two compartment model of sub-cellular distribution.

Release of ribozymes from these two phases may represent release of associated ribozyme
from two different cytoplasmic compartments as suggested by (Tonkinson and Stein, 1994).
The first compartment being the shallow compartment, which constitutes ribozyme present in
the early primary endosomes situated close to the surface or strongly cell surface bound
ribozyme. The second slower phase can be described as release form the deeper compartment
of cytoplasm, which constitutes the medium to late endosomes, lysosomes or as yet
unidentified sites within the cell. This two compartment model of efflux of ribozyme is an
inference from the patterns of release as the exact identity of the putative structures is as yet
unidentified and these patterns of efflux are thought to be indicative of intracellular

trafficking subsequent to endocytosis (Stein e al., 1993).
3.13. Fluorescent localisation studies

Experimental results reported in previous sections have shown that ribozyme cellular
association was time and energy dependent process with a component of non-energy
dependent cellular association. Results from disassociation studies suggested that ribozyme
after being associated by cells could be distributed in different sub-cellular cytoplasmic
compartments. In order to confirm the association of ribozyme and to determine the nature of
its subcellular distribution, fluorescent localisation studies were carried out with all cell lines.
Such information regarding subcellular distribution and cytoplasmic availability at the target
sites is necessary for the successful utilization of ribozyme. Ribozyme labelled with
fluorescein at the 5°-end was exogenously administered to cells grown in chamber slides as
described in the protocol in section 2.7.11 and observed for fluorescence patterns. The results
of these studies are presented and analysed in this section. To ensure that auto-fluorescence
from cells does not result in spurious results the degree of auto-fluorescence was observed
from untreated cells. None of the cells displayed auto-fluorescence ensuring that
fluorescence obtained was from subcellular distribution of exogenously delivered

flourophores.
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The subcellular distribution of ribozyme in rat glioblastoma cell line C6 is s‘hgwn, in figure
3.37. The fluorescence observed from the cells shows that post-cell associatién, ribozymé’
was distributed within the cytoplasm with a pattern of fluorescence which can be described
as punctate. This punctate pattern suggests that fluorescently labelled ribozyme was
sequestered within sub-cellular vesicular structures. Shoji er al., (1991) suggest that such
punctate distribution was indicative of entry through endocytosis and subsequent
compartmentalisation within vesicles such as endosomes and lysosomes. FITC-dextran
which accumulates in endocytic vesicles following cellular association has displayed similar

punctate distribution patterns in a number of cell lines (Berlin and Oliver, 1994).

Similar results were seen with the remaining cell lines, rat neuroblastoma cell line, GT1,
human neuroblastoma cells, SY5Y, and human glioblastoma cells, U87 (figures not shown).
In all these cells the fluorescently labelled ribozyme had a punctate distribution in the
cytoplasm reflecting an endocytic association mechanism, with these vesicles possibly being
early endosomes, endosomes and lysosomes. In these observations due to the limitations of
the equipment it was not possible to confidently state that whether the pattern observed was
from within inside the cell or the ribozyme present merely on the surface. From such a
statement an investigation of fluorescence with a confocal microscope would have been
appropriate. Nonetheless, resutls obtained were consistent with (Fell ef al., 1997) in which
the distribution of fluorescently labelled ribozyme had displayed punctate distribution within
human glioblastoma cells concluding that ribozyme association was an endocytic process.
Punctate patterns of distribution have also been observed in studies with
oligodeoxynucleotides (Wagner, 1994; Agrawal ef al., 2003), and this was considered to be

indicative of localisation within endosomal or lysosomal vesicles (Rojanasakul, 1996).

The punctate distribution of the ribozyme due to sequestration in vesicles suggests that
ribozyme was taken up by the cells by an endocytic process. In the endocytic model the
ribozyme is taken by the cell via a receptor or surface bound protein and internalised in the
cytoplasm forming endocytic vesicles such as early endosomes, endosomes and lysosomes

and further vesicles of the endocytic process.
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For the rat glioblastoma cells, GT1, there are three distinct bands visible in lane B, which
have molecular weights of 84 kDa, 74 kDa and 58 kDa. Lane C shows that for human
neuroblastoma cells, SYSY, there are two proteins, which have hybridised with ribozyme
and have estimated molecular weights of 74 kDa and 58 kDa. Finally the human
glioblastoma cells U87 (lane D) there was one major band demonstrating high affinity for
ribozyme with a molecular weight of 58 kDa. These results show that there is a difference in
the type of ribozyme-binding surface proteins in different cells, which may account for the
slight differences observed in the extent of cellular association of ribozyme between cell

lines. However, there seems to be a protein, 58 kDa, which was present in all cell lines.

Several groups have attempted to identify putative surface proteins, which mediate uptake of
nucleic acids whether via an endocytic route or non-endocytic route. Laktionov ef al., (1999)
have reported that oligonucleotide uptake in keratinocyte cell lines was mediated by a pair of
proteins, of 61-63 kDa and 35kDa, present on the surface of cells. A surface protein binding
complex of 46 kDa was reported by Akhtar er al., (1996) to be mediating uptake of
phosphorothioate and phosphodiester oligonucleotides in Caco-2 cells. In contrast Beltinger
et al., (1995) have revealed the existence of five major cell surface phosphorothioate binding
proteins ranging in size from ~ 20-143 kDa. In another study Loke er al., (1989) have
identified an 80 kDa protein which may mediate the uptake of oligonucleotides. The
variability in the reported nucleic acid binding proteins is due to differences in the chemistry
of oligonucleotides used for probing these proteins and the type of cells. The exact
physiological role of these proteins has not been explained fully yet but it is speculated that
internalisation of DNA/RNA with these proteins may represent a salvage pathway for
material excreted by apoptotic cells (Bennett, 1993). In contrast to oligonucleotides, to date
no such proteins have been identified which mediate the uptake of ribozymes. In this study a
ribozyme of same chemistry and equal amounts of cell surface proteins have been used to
identify the ribozyme binding proteins in glial and neuronal cells of rat and human brains.
The results have shown that there is a difference in the type of proteins which mediate the

uptake of ribozyme in the cell lines investigated.
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3.15. Concluding remarks

Ribozymes are large polyanionic molecules, typically ranging from 25 to 40 nucleotides in
length and with molecular weights in the range of 7500 to 14000 Daltons. Despite such
relatively large size and ionic character, ribozymes have been reported to enter cells and
exert their action (see table 1.2 and 1.3) but the mechanisms by which ribozymes enter cells
have not fully elucidated to date. In this chapter the cellular association properties of an
exogenously delivered ribozyme have been investigated and compared in two types of cells
namely glial and neuronal from the human and rodent brains. As ribozymes are susceptible
to degradation by nucleases and have a serum half life of less than a minute (Jarvis et al.,
1996), the ribozyme studied in this thesis was stabilized by several chemical modifications
based on the design of Beigelman et al., (1995b) and as shown in section 1.4.1.1. This
ribozyme was internally labelled with v*2.P ATP to reduce removal of radiolabel by
phosphatases. The stability of ribozyme was evaluated in serum and serum free medium,
which showed that the ribozyme was stable up to 1 hour in serum medium beyond which it

began to degrade as evidenced by the appearance of degradation bands.

In contrast the ribozyme remained stable up to 24 hours in serum free medium, which was
then selected as the medium for use in cellular association experiments. To further
investigate the influence of cellular monolayers on the stability of ribozyme it was incubated
with cellular monolayers of each cell line and ascertained that up to 6 hours most of the
ribozyme was structurally intact. Prior to cellular association studies the number of washes
required to remove loosely bound ribozyme to cell surfaces was optimised. The results from
optimisation studies showed that a minimum of three washes was required to remove loosely
bound ribozyme which is necessary to obtain rigorous results. Following preliminary
optimisation work the cellular association of ribozyme was investigated over a time course in
each of the cell lines. Results from this study demonstrated that cellular association increased
with time in all cells and reached a plateau phase after 6 hours but the magnitude of cellular
association was limited and poor. In terms of the pattern of cellular association across the
experiments there were slight differences in the extent and pattern of cellular association.
However, these differences in cellular association were not consistently observed in the
remaining mechanistic experimental results leading to the conclusion that generally there

was no difference in cellular association of ribozyme between glial and neuronal cells across
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the species. These results are in contrast to oligonucleotides which had shown a greater

uptake in neuronal cells in vivo (Khan et al., 2000; Sommer et al., 1996).

In order to further elucidate the nature of association mechanism, the association of ribozyme
was investigated as a function of temperature and energy. Cells of each cell line were
incubated at 37°C and 4°C and observed that the ribozyme cellular association was reduced
significantly at low temperature reflecting that the cellular association is an active process.
As all active processes are driven by metabolic energy, cellular association was investigated
by depleting cells of metabolic energy using metabolic inhibitors. The results obtained from
these studies confirmed that ribozyme association was an energy dependent process in all
cell lines. However, noticeable cellular association was observed at the low temperature and
also after depletion of metabolic energy which suggested the presence of a non-energy
dependent component in the cellular association mechanism. In order to further elucidate the
mechanism of ribozyme association the extent of pinocytosis carried out by cells was
investigated by studying the uptake of mannitol, which is a marker for fluid phase
endocytosis. Results obtained in this experiment demonstrated that all of the cell types had
negligible uptake of mannitol indicating the absence of pinocytosis from which it 1s infered
that the cellular association mechanism for ribozyme had no pinocytotic component as there
was neglegible constitutive pinocytosis occuring. Self-competition with increasing
concentration of unlabelled ribozyme reduced the association of ribozyme indicating that
there was a specific molecule, which mediated the association of ribozyme. In order to
investigate whether this cellar surface ribozyme-binding molecule was a lipid or protein post
incubation trypsin washing was carried out. This assessment showed that the majority of
ribozyme was bound to trypsin sensitive proteins, which mediate the association of ribozyme

in cells.

The specificity of ribozyme association was further investigated by co-incubation with
nucleic and non-nucleic acid polyanions all of which reduced the cellular association of
ribozyme reflecting the fact that ribozyme cellular association shared the mechanism of
association with other polyanionic molecules. The cellular association of ribozyme was
increased by reduction of pH suggesting that ionic interactions play a significant role in the
hybridisation of ribozyme with surface binding proteins. Finally, fluorescent localisation

studies indicated that following cellular association the ribozyme displayed a characteristic
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punctate pattern indicating that ribozyme had been sequestered in. subcellular vesicles.
Ribozyme binding surface proteins were identified using South-Western blotting in each cell
line. The results showed that there was difference in the size of proteins in all cell lines,

which mediate the cellular association of ribozyme to cells.

From the results presented in this chapter it can be postulated that the cellular association
mechanism of ribozyme involves a a combination of energy and non-energy components in
which any given molecule binds to cell surface proteins. Cellular association of ribozyme
stimulates formation of clathrin coated pits near these ribozyme-protein complexes. These
pits facilitate the internalisation of ribozyme and form early endosomes which could either
recycle back to the cell membrane or in due course lead to intermediate endosomes, late
endosomes and finally lysosomes, which are sequential vesicles of the endocytic pathway
(Gruenberg, 2001). In the case of ribozyme this endocytosis results in the entrapment of the
ribozyme in the endocytic vesicles creating a further obstacle in the delivery of ribozyme to
its target site in the cytoplasm or nucleus. This results in the prevention of ribozyme from
carrying out its biological effect as it is unlikely that ribozyme like DNA oligonucleotides,

can leave these endosomal compartments by passive diffusion (Akhtar ef al., 1991).

This entrapment of the ribozyme in the endocytic vesicles could further lead to either the
efflux of the ribozyme from the cell or degradation by nucleases in the harsh acidic
environment of the endo-lysosomal vesicles. Endo-lysosomal compartments contain a battery
of deoxyribonuclease, ribonuclease, phophatases and pyrophosphatases which together
degrade nucleases with Tsge, in the range of 30-50 minutes (Hudson et al., 1996b). Loke et
al., (1989) and Zhao er al., (1993) have observed similar results of entrapment of most of
oligonucleotides in lysosomal-endosomal compartments and it was concluded (Shoji er al.,
1991) that endosome to cytoplasm transfer is the critical limiting step for the

pharmacological actions of oligonucleic acids.

The fact that oligonucleotides given exogenously exhibit biological activities suggests some
molecules escape from these compartments at some point during the endosome to lysosome
transport and reach the target sites. However, there is no information available in the
literature elucidating the mechanism and extent of this release. In order to overcome this
obstacle several strategies have been attempted which include microinjection,

permeabilization using pore-forming agents such as strepfolysin-O, anionic peptides,
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electroporation and membrane translocating peptides such as Tar, amphipathic model

peptides and signal peptides with varying degrees of success (Dokka and Rojanasakul, 2000).

Finally as a caveat it must be noted here that results and conclusions presented in this chapter
must be interpreted with a degree of caution as the term cellular association has been loosely
used to describe the phenomenon observed in these experiments and it may or may not
include cellular uptake. In general, in the antisense and ribozyme literature, the term cellular
uptake is used in place of cellular association despite the fact that no conclusive evidence is
presented of the internalization of the exogenously administered molecules in most of these

studies.
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CHAPTER FOUR

EVALUATION AND CHARACTERISATION OF BIODEGRADABLE
POLYMER PLGA MICROSPHERES FOR THE CELLULAR
DELIVERY OF RIBOZYMES

4.0. Introduction

Successful application of ribozymes for the treatment of clinical conditions is still hampered
by several key issues such as instability of ribozyme in serum medium, rapid in vivo
elimination kinetics, poor cellular delivery and finally minimal target site co-localisation.
Resolution of these issues by developing a novel and robust delivery system, which
overcomes the above-mentioned limitations, is of paramount importance in order to achieve

the eventual utilization of ribozyme therapeutics in clinic.

In previous studies with oligonucleotides such as ribozymes, problems like poor biological
stability coupled with rapid elimination kinetics in vivo were to some extent overcome by
repeated administration of ribozymes to obtain a sustained pharmacological effect. For
example, in the case of Peripherin, a neurone specific intermediate filament protein, which
has a slow turnover, repeated administration of oligonucleotides for up to 40 days was
required for a reduction of protein levels by 90% in cultured PC 12 phaeochromocytoma
cells (Troy et al., 1992). The repeated administration of oligonucleotides to achieve a
pharmacological response in this study strongly highlights the need for a delivery system for
nucleic acid molecules such as ribozymes. A successful and robust delivery system ideally
should protect the ribozyme from degradation by nucleases and furthermore should provide a
controlled release of ribozyme for a sufficient period of time to ensure optimum

pharmacological and therapeutic effect.

One such delivery system, which possesses the above-mentioned required features, is a
biodegradable polymer microsphere system prepared from polylactide-co-glycolide (PLGA).
The polymer PLGA has been widely studied and extensively applied in many clinical

settings as described in section 1.5. Microspheres, which are defined by Davis and Illum,
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(1989) as spherical porous structures of micron size range, have been extensively evaluated
in various therapeutic settings as sustained release delivery systems (see table 1.4 for a brief

review).

Biodegradable polymer microspheres are robust delivery systems, which protect the
entrapped biologically labile molecule from hydrolytic degradation, ensuring its
pharmacological effects and releasing the entrapped molecule steadily as the polymer matrix
degrades. The rate of degradation and the consequent release of the entrapped molecules is
dependent on several factors such as relative ratios of monomers in the co-polymer, size of
the microspheres, incubation medium, pH and drug loading. These factors can be carefully
controlled and selected to obtain a required release profile to suit clinical needs. Further
advantage is obtained by the biodegradability of the polymer, for as it degrades and releases
the incorporated substance, the polymer and its degradation products are removed by the
natural metabolic processes of the body eliminating the need for the surgical removal of the

delivery system.

The aim of the experimental work presented in this chapter was to formulate, characterise
and evaluate a biodegradable polylactide-co-glycolide polymer microsphere delivery system
for ribozymes. Characterisation and assessment of microsphere properties is important as
these characteristics have a major influence on the potential use of such systems e.g. on
cellular association and potential toxicity (Alonso er al., 1993). Microspheres of two
different size ranges were prepared with each of the three co-polymer ratios of lactide to
glycolide and were initially characterised in terms of size range, surface morphology,
encapsulation efficiency, ribozyme loading and ribozyme release profiles with methods
described in section 2.7 and 2.8. Microspheres were prepared using a W/O/W solvent
evaporation method, originally used by Ogawa ef al., (1988) for the encapsulation of the

water-soluble peptide, Leuprolide acetate in to PLGA polymer microspheres.

The method used in our study is described in sections 2.9.1 and 2.9.2 and was an adaptation
of the method described by Khan et al., (2000). Briefly, to prepare microspheres by w/o/w
double emulsion technique an aqueous solution of the hydrophilic drug was emulsified into
an organic solvent to form a w/o emulsion. This emulsion was then homogenised into a
second water phase containing stabilisers such as PVA with subsequent removal of the

solvent by evaporation and the microspheres collected by centrifugation. The impact of many
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formulation and process parameters such as the influence of shear force (Sah ef al., 1995a),
drug loading, polymer molecular weight (Bodmer er al., 1992), polymer composition (Sah et
al., 1995b), volume of inner water phase, volume of DCM, residual solvents (Crotts and
Park, 1995), temperature (Herrmann and Bodmeier, 1995), and terminal y-irradiation
(Yoshioka et al., 1995) on various microspheres properties have been investigated

intensively.

Following initial characterisation, further release profiles were obtained to investigate the
influence of loading on ribozyme release. From this data an appropriate formulation was
selected to evaluate cellular delivery in cultured glial and neuronal cells from human and
rodent brains. Stability of ribozyme entrapped in microspheres was also assessed to
determine whether process parameters adversely affect the structure of ribozyme.
Microsphere-entrapped ribozyme stability was investigated in serum medium to assess the
degree of protection from nucleolytic degradation of ribozyme. Following characterisation
and optimisation studies, the cellular association of microsphere-entrapped ribozyme was
evaluated over a time course in cultured glial and neuronal cells. The cellular association
mechanism was further characterised to investigate the effect of temperature, metabolic and

competitive inhibition.
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4.1. RESULTS AND DISCUSSION

4.2. Determination of loading of ribozyme in each formulation

Microspheres of two size ranges 1-5 um and 10-20 pm were formulated using the protocols
described in section 2.9.1 and 2.9.2. For all formulated microspheres the percentage yield,
entrapment efficiency, amount of ribozyme loading was calculated. Knowledge of these
characteristics is important because these characteristics influence the release kinetics and
eventually the efficacy of any microsphere delivery system. These values were calculated by

the following mathematical expressions.

% Yield= (weight of microspheres/weight of polymer) x 100

% Encapsulation efficiency = (cpm of RBZ solution used/cpm of microspheres) x 100
/2 P P

Actual loading = (amount of ribozyme entrapped/wt of microspheres) x 100

The indicative calculated values of percentage yield, encapsulation efficiency and loading are

presented in table 4.1 for the two size ranges and each of the three co-polymer ratios.

The percentage yield value shows the amount of polymer, which is finally, present as

microspheres and indicates the efficiency of polymer utilisation for a particular formulation.

LA-GA RATIO | % AGE YIELD ENCAPSULATION LOADING
EFFICIENCY (%) (pmol/mg)

90:10 Small | 64 44 0.2

90:10 Large 57 57 0.2

80:20 Small | 83 33 0.2

80:20 Large 80 54 0.4

50:50 Small 75 47 0.2

50:50 Large 71 49 0.2

Table 4.1. Summary of encapsulation efficiency and loading of ribozyme in the two
size ranges small and large of the three co-polymer ratios 90:10, 20:80 and 50:50.
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In all formulations greater than approximately 60% yield was observed, with smaller
microspheres exhibiting slightly higher percentage yield than the large ones. The third
column in the table summarises the encapsulation efficiency of ribozyme in microspheres.
The values of encapsulation for small microspheres were 4433 and 47% for 90:10, 80:20
and 50:50 co-polymer ratios respectively. For the large range microspheres these values were
57, 54 and 49% for 90:10, 80:20 and 50:50 co-polymer ratio respectively. Within each co-
polymer ratio there was an observation of reduced encapsulation with smaller microspheres
in comparison to the large size range microspheres. This lower encapsulation efficiency
observed with the smaller size range microspheres could be explained by the fact that a
larger surface area of the droplets is formed during emulsification, which results in greater
direct contact between the primary emulsion and the external aqueous phase which leads to

loss of the ribozyme to the external aqueous phase.

The fourth column in the table lists the values for loading of ribozyme in picomoles per
milligram of microspheres. The values of loading between the co-polymer ratios were
generally similar. However, like the encapsulation efficiency values the smaller microspheres
had lower loading of ribozyme per mg of microspheres in comparison to large microspheres
in all of the co-polymer ratios. The small microspheres exhibited a loading of 0.2, 0.2 and 0.2
pmol/mg for 90:10, 80:20 and 50:50 co-polymer ratios respectively. For the large size
microspheres these values were 0.2, 0.4 and 0.2 pmol/mg for 90:10, 80:20 and 50:50 co-
polymer ratios respectively. To achieve these similar loadings the amount of ribozyme added
to the primary emulsion was altered by iteration. Loading within particles is an important
factor in microspheres as the amount of ribozyme entrapped in microspheres and its
consequent release is essential for efficacy. These results were consistent with previously
published results in which small microspheres had an entrapment efficiency of 30% and
large size had an entrapment efficiency of 60% (Lewis et al., 1998). There was no effect of
the co-polymer ratio on the percentage yield of microspheres, encapsulation efficiency and

ribozyme loading whereas the latter two are affected by particle size.
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4.3. Characterisation of surface morphology

The surface morphology of the formulated microspheres was observed using scanning
described in section 2.9.6) in order to investigate physical

electron microscopy (as
Figures 4.1, 4.2

of the formulated microspheres such as shape and structure.

characteristics
fferent size ranges small and

and 4.3 show the photomicrograph of the microspheres of two di

large with each co-polymer ratio.

Figure 4.1. Scanning electron micrograph of 90:10 copolymer microspheres. Microspheres on the left
were of the small size range (I1-5 pm) and the microspheres on the right were of large size range (10-

20um).

Figure 4.2. Scanning electron micrograph of 80:20 copolymer microspheres. Microspheres on the left
were of the small size range (1-54m) and the microspheres on the right were of large size range (10-

20um).

As the figures show all microspheres were successfully formulated and there was no

ed and collapsed microspheres. No polymer debris was

evidence of any irregular, malform

visible indicating that all the polymer has been incorporated into the spheres. All spheres
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produced from each co-polymer ratio were similar in morbhology with regular spherical
structures without any visible pores or cracks on the surface displaying a smooth and
compact surface. It was obvious from the photomicrographs that there was a range of sphere
sizes, which was further confirmed with particle size analyses as presented in the next

section.

Figure 4.3. Scanning electron micrograph of 50:50 copolymer microspheres. Microspheres on the left
were of the small size range (1-5um) and the microspheres on the right were of large size range (10-
20um).

4.4. Evaluation of Particle size

Size range of microspheres has important implications for the release of entrapped
microspheres and cellular uptake properties. Therefore an assessment of the range of
polydispersity of microspheres is an essential component of microsphere characterisation.
The size range of particles was determined using a Malvern Mastersizer as described in
section 2.9.5. It was intended to prepare microspheres with mean volume diameters within
two size ranges, 1-5pm and 10-20pm, for all co-polymer ratios in order to investigate the
influence of size range on formulation characteristics such as release rates. These two ranges
were designated small and large microspheres. The results of the sizing experiments are

graphically represented in figures 4.4 and 4.5.

Figure 4.4 illustrates the typical particle size distribution observed with the small PLGA
microspheres as decribed in section 2.9.2. In the figures the particle size is presented with a
logarithmic scale on the x-axis and percent number of particles on the y-axis. For small
microspheres the typical mean volume diameter was around 2.77pm (* 1.9um). Figure 4.5

lustrates the size distribution of typical large microspheres obtained with protocol described
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in section 2.9.1. For large microspheres typical mean volume diameter was around 12pum (*

8um).
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Figure 4.4. Graphical representation of the typical

size distribution range of small PLGA co-polymer
microspheres.
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Figure 4.5. Graphical representation of a typical size
distribution range of large PLGA  co-polymer
microspheres.
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4.5. Evaluation of release profiles of ribozyme

In order to assess whether the ribozymes entrapped within microspheres by the double
emulsion method were capable of sustained release of ribozyme from polymer microspheres,
in vitro release assays were carried out as described in section 2.9.7. In order to further
characterise the release profiles the effect of microsphere size and co-polymer ratios on the
release of ribozyme was investigated. For this purpose microspheres of two size ranges,
small (1-5 um) and large (10-20 pm), were prepared with each of the three co-polymer
ratios, 90:10, 80:20 and 50:50, and their release profile was evaluated in PBS at 37°C for 28
days.

Figure 4.6 illustrates the release of ribozyme from microspheres of two size ranges, small
and large, prepared from PLGA 90:10 co-polymer. This co-polymer exhibited a biphasic
pattern of release during the 28 days of the investigation for both size ranges. The first phase,
which lasted for 24 hours, exhibited an initial rapid release, which was termed the ‘burst
effect’ phase. During this phase 28% of the entrapped ribozyme was released from small
microspheres, which was followed by the sustained release phase in which the cumulative
drug release was 34, 36, 37 and 38% for days 7, 14, 21 and 28. Up to 28 days there was no

observation of any rapid release suggesting no bulk erosion of the polymer microspheres.

In contrast for the large microspheres the burst effect which was rapid release observed
during the first 24 hours was 7% which was 4 times lower than the small size range
microspheres. This phase was followed by the sustained release phase in which there was
steady but small increase in release of ribozyme from 9% at day 7 to 14% at day 14. After
this there was even less release with cumulative release vatues of 12% and 13% for days 21
and 28 respectively. In both size ranges a biphasic pattern of release was observed with a 4
times larger burst effect observed with the small size range microspheres. This can be
explained by the fact that increased surface area of smaller microspheres, which is in contact
with the release medium causes a relatively greater loss of the ribozyme through diffusion

into the release medium from the surface.
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Figure 4.6. Release profile on internally labelled ribozyme in small and large size range
90:10 PLGA microspheres over a time course of 28 days. Error bars represent n=3 £ SD.
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Figure 4.7. Release profile on internally labelled ribozyme in small and large size range
80:20 PLGA microspheres over a lime course of 28 days. Error bars represent n=3 +SD.
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The release profile of entrapped ribozyme from both small and large size range microspheres
formulated from PLGA 80:20 co-polymer, which consists of 80% lactide and 20% glycolide
is illustrated in figure 4.7. In both size ranges the microspheres displayed a tri-phasic pattern
of release. The burst effect phase in small microspheres released 9% of the entrapped
ribozyme, which lasted till 24 hours after which there was no noticeable release till day 7.
This constituted the second phase of the release profile by the end of which only another 1%
of the ribozyme was released. This was followed by the third phase, a sustained release
phase, during which the mean cumulative ribozyme release increased from 18% at day 14 to
26% at 21 days and finally reaching 31% at day 28, the last time point of the experiment.
Overall the release pattern observed was tri-phasic with a lag phase of 7 days between the
first phase and sustained release phase. For the large size range microspheres the burst effect
was 7%, which lasted for 24 hours. After this phase, in contrast to the small microspheres,
ribozyme mean cumulative release increased steadily from 14, 16, 17, and 18% at time
points 7, 14, 21 and 28 days respectively forming a sustained release phase. A comparison of
the release profiles of small and large microspheres showed that both exhibit a tri-phasic
release pattern with small microspheres exhibiting a slightly higher burst phase release,

which was due to higher surface area of the microspheres facilitating a greater release.

The release pattern of ribozyme from PLGA 50:50 microspheres is shown in figure 4.8 for
two microsphere size ranges small (1-5pm) and large (10-20pum) over a time course of 28
days at 37°C in PBS. Both size ranges displayed a triphasic release profile with smaller
microspheres exhibiting a greater release of ribozyme in the first two phases. For the small
microspheres there was a mean cumulative release of 6% during burst effect phase of 24
hours. This phase was immediately followed by the sustained release phase in which the
ribozyme mean cumulative release increased steadily from 9% to 13% and finally to 16% for
time points 7, 14 and 21 days respectively. For the last time point of the experiment at day 28
a large increase in the cumulative mean release value was observed (40%). This sudden
increase in the release reflects a third rapid phase of release which possibly might be due to

bulk erosion of polymer resulting in rapid release of ribozyme.
A similar pattern of release was observed with the large PLGA 50:50 microspheres

demonstrating a burst effect release of 1% which increased although negligibly to 3% after 7

days and remained constant till day 14. There was a further increase to 6% at day 21 and this
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phase can be termed as a sustained release phase even though the magnitude of release was
quite small. At time 28 day there was a huge increase in mean cumulative release ribozyme
value to 60% representing a third phase in the release pattern. Overall in both cases there was
a triphasic pattern of release of ribozyme in both microsphere sizes with the small
microspheres exhibiting a 6 times greater release at the burst effect phase. The difference in
the quantity of release between small and large microspheres has also been seen in other

studies as well (Lewis e al., 1998), (Khan et al., 2000).
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Figure 4.8. Release profile of internally labelled ribozyme in small and large size range
50:50 PLGA microspheres over a time course of 28 days. Error bars represent n=3 £SD.

Release patterns of the ribozyme from each co-polymer illustrates that there are two or three
phases of release of ribozyme from microspheres which reflects the fact that release of
ribozyme from these microspheres at different phase results from different mechanisms. It is
suggested that rapid cumulative release of ribozyme during the initial ‘burst effect’ is due to
the release of ribozyme present or close to the surface of microspheres. During the next
phase the release of ribozyme is sustained which is due to the hydration of polymer matrix
resulting in degradation of the polymer. Degradation of the polymer is defined as random
scission of bonds between the monomers in the polymer backbone resulting in reduction of
molecular weight of the polymer but no appreciable weight loss and no soluble monomer
products formed (Gopferich, 1997), (Thies and Bissery, 2002). This results in formation of
pores and channels, which get filled with the release medium, facilitating steady diffusion of
ribozyme through these channels. The third phase, which is only seen in the 50:50 ratio is

due to the erosion of the microspheres, which is described as mass loss of polymer matrix
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due to loss of monomers, soluble oligomers or even pieces of non-degraded polymer with
reduction of molecular weight and release of ribozyme in large amounts. During the second
and third phase as the polymer degradation proceeds it generates acidic monomers which
results in the pH of the inner core sometimes falling to as low as 1.5 which further enhances

the release of ribozyme.

In summary as the microspheres are placed in the incubation medium they are surrounded by
the medium and the ribozyme molecules present on or near the surface are washed off which
is termed as the burst effect. As more water/medium seeps in to the matrix it causes the
scissile bonds of the polymer backbone to break and leading to the creation of pores and
channels in the matrix. Entrapped molecules break free from between the polymer chains and
diffuse out through these medium/water filled channels and pores. This release is termed the
sustained phase as the ribozyme is delivered slowly to the incubation medium. These results
are similar to that reported previously for the release of many different drugs including
proteins and anti-cancer agents from these and related biodegradable polymers (Crotts and

Park, 1998), (Okada and Taguchi, 1995).

Another interesting observation from the comparison of the release profiles across the co-
polymer ratios demonstrated that as the glycolide content in the co-polymers increased the
burst effect diminished. The reason for this is not entirely clear but may reflect differences in
hydrophobicity and degree of crystallinity within the various polymer ratios. As the lactide
content in the co-polymer increased the degree of crystallinity increased which results in the
lower hydration and the consequent degradation of the co-polymer. The release profile of the
90:10 copolymer exhibits most of the release in the initial burst effect phase and only a
limited release of ribozyme in the sustained phase which is release from the degradation of
the polymer. As the glycolide content increases as with the 80:20 ratio the proportion of
ribozyme release during the degradation phase increases reflecting relatively greater
degradation of the polymer. Finally with the 50:50 co-polymer the majority of the released
ribozyme is from the degradation and erosion phase with only a small amount released

during the burst effect phase.

Analysis of the release profiles with all three co-polymer ratios led to the selection of the
50:50 PLGA co-polymer small size range microspheres as the delivery system of choice for

further experimental work. This selection was based on the formulation characteristics of
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size, surface morphology and most importantly the release characteristics. This formulation
had a triphasic release profile with low initial burst effect, sustained release and finally
polymer erosion phase occuring within 28 days which is the required time frame for down-

regulation of the of the EGF receptors, the ultimate target molecule of the ribozyme.
4.6. Effect of loading on release profiles

In order to further characterise the factors influencing the release of ribozyme from
microspheres the effect of ribozyme loading on the release of ribozyme was evaluated.
Ribozyme loading is calculated as shown is section 4.2 and is defined as amount of ribozyme
present per mg of formulated microspheres. For this objective microspheres with three
different loadings of ribozyme were prepared with loadings values of 2pmol/mg, 10pmol/mg

and 20pmol/mg. The results of this study are represented in figure 4.9.
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Figure 4.9. The effect of ribozyme loading on the release of ribozyme from 5 0:50 small PLGA
microspheres. Error bars represent n=3 +SD.

A comparison of the release profile of microspheres from each of the three batches, which
have three different loadings, demonstrates that the pattern of release was distinctly different
amongst them. The high loading microspheres exhibited a triphasic pattern whereas the
medium and low loading microspheres exhibited a biphasic pattern of release. Overall the
amount of ribozyme released from high loading microspheres was highest followed by

release from medium loading microspheres and finally with the low loading microspheres



exhibiting the lowest ribozyme release. Even though there was a similar biphasic pattern of
release with medium and low loading microsphere but there was a 5-fold difference in the
initial ‘burst effect’ of ribozyme release. In the low loading microspheres, after the initial
phase release, there was no observable ribozyme release up to day 28 with the ribozyme
release being 0.03 pmole at day 2 after which the mean cumulative amount released
remained constant at 0.04 pmoles till day 28. In contrast for the medium loading
microspheres there was an observable release of ribozyme after the burst effect release,
which rose from 0.19 pmol at day 2 to 0.22, 0.23, 0.24 and 0.30 pmoles at days 7, 14, 21 and
28 respectively. A comparison of ribozyme release during the initial burst effect phase
showed that there was a 2-fold difference in release noticed between the high and medium
loading microspheres with the medium loading batch release being 0.16 pmol and high
loading release value of 0.30 pmol at 24 hours. In the subsequent phases for the high loading
microspheres there was a substantial sustained release of ribozyme in the second phase with
mean cumulative release values of 0.34 pmol at day 2, 0.46 pmol at day 7, 0.49 pmol at day
14, 0.59 pmol at day 21 and 0.69 pmol at day 28. The high release of ribozyme observed at
days 21 and 28 denote the third phase of release, which could be ascribed to bulk degradation

of polymer resulting in increased ribozyme release.

4.7. Stability of the biodegradable microsphere entrapped ribozyme

Results of ribozyme stability in serum medium demonstrated that the chemically modified
chimeric ribozyme RP1.4782, like most ribonucleic acid molecules is not stable in serum
medium as evidenced by its degradation, which becomes visible at 2 hours (see figure 3.1).
This structural instability totally undermines the potential utility of ribozyme strongly

reflecting a need for a robust delivery system.

To meet this objective the ribozyme was encapsulated in microspheres as described in
section 2.9.2 and characterised as shown in previous sections of this chapter. In order to
confirm that polymer-entrapped ribozyme is not physically degraded during the fabrication
process and to assess the incubation of polymer entrapped ribozyme in serum medium was
not adversely affected a ribozyme stability assay was carried out as described in section

2.9.8. The result of this stability study is represented in figure 4.10.
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Figure 4.10. An autoradiograph showing the stability of entrapped ribozyme
after 24 hours of shaking on a mechanical shaker. Lane 1-3 shows the
entrapped ribozyme extracted from microspheres, which were incubated in
ddH,0, serum free medium, and serum media, respectively, on a mechanical
shaker at 37 °C for 24 hour. Lane 4-6 shows the internally labelled, 5 "labeled
full ribozyme and 5 ‘donor half of ribozyme respectively.

As figure 4.10 shows ribozyme extracted from microspheres incubated in ddH,0, serum free
and serum media as shown in lanes 1 to 3 respectively, remained intact. This shows that
ribozyme entrapped in microspheres is protected from nuclease mediated breakdown and

remains intact.

Ribozymes, which have not been modified chemically are biologically labile molecules
which are susceptible to degradation by nucleases rapidly (Kariko et al., 1994), (Arup ef al.,
1996), (Elkins and Rossi, 1995). However ribozyme RPI 4782 which is investigated in this
study when incubated in all cell lines starts degrading after 6 hours as shown in section 3.1.1.
In order to overcome this problem it was encapsulated in microspheres as shown in section
2.9.8. There were two main objectives for this investigation, firstly, whether the ribozymes
are protected from degradation by nucleases and secondly to evaluate whether the
encapsulation process during which it is exposed to organic solvents, shearing stress and

extremes of temperature does not adversely affect its structure.

Results from this study and published literature show that biodegradable polymer matrices

can both protect the entrapped nucleic acids from nulcease digestion and also impart
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sustained release properties (Lewis e al., 1995; Hudson ef al., 1996a). See Hudson et al.,

(1996b) for further evidence of enhanced ribozyme stability by entrapment in polymers.

4.8. Cellular association properties of microsphere entrapped ribozyme

Cellular delivery of a given drug molecule is an important determinant of its
pharmacological efficacy and its optimisation is an important aspect in the development of
any therapeutic agent. In the previous chapter the cellular delivery and mechanism of cellular
association of ribozyme was investigated. These results showed that showed that association
of ribozyme in cellular monolayers was poor and limited, which in turn potentially results in
reduced efficacy of the ribozyme. In order to enhance and optimise the cellular delivery of
these molecules, ribozymes were entrapped in microspheres prepared from biodegradable
polymer PLGA. These ribozyme entrapping microspheres were formulated by employing the
double emulsion (w/o/w) and solvent evaporation method and were characterised in the
previous sections in terms of surface morphology, particle size range, loading of ribozyme
and in vitro release kinetics. From the characterisation results the small size range (1-Spm)
microspheres of the 50:50 co-polymer ratio of PLGA was selected for cellular work. This
selection was based on the fact that this particular formulation provides smooth and compact
microspheres with a tri-phasic release profile, suitable for targeting the EGF receptor. Also
this size range can be easily administered to cells in vitro and also ICV through a SuL
Hamilton syringe for in vivo administration (described in chapter 5). In the subsequent
sections polymer entrapped ribozyme in the selected formulation was evaluated for cellular
association studies. Further studies to elucidate the mechanism of association were carried
out by studying the influence of temperature, metabolic inhibition and pH on cellular

association of polymer-entrapped ribozyme.

4.9. Optimisation of washes for microsphere work

Prior to cellular association studies an assay was carried out to determine the optimum

number of washes to remove loosely attached ribozymes as described in section 2.10.2. The

results of this assay are illustrated in figure 4.11.
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Figure 4.11. As assay lo determine the optimum number of washes to remove loosely attached
polymer entrapped ribozyme in C6 rat glial cells. Error bars represent n=3 £S8D.

The optimisation assay results are shown in figure 4.11 for the number of washes required to
remove loosely attached polymer entrapped ribozyme from a monolayer of C6 rat glial cells.
The assay shows that a 19% of total radiation was removed with the first wash, 14%, 8%,
4%. 1% with second, third, fourth and fifth washes respectively. The sixth washing only
removed a miniscule 0.2% of the radiation. A further seventh wash was carried out but no
further significant reduction in radiation was observed. From this data it was decided to use
five washes to remove the loosely attached microspheres from the cellular monolayers.
Similar results (not shown here) were observed with the remaining cell lines GT1 (rat),

SY5Y (human neuronal), U87 (human glhal).

4.10. Cellular association over a time course

In order to investigate the extent and pattern of cellular association of ribozyme incorporated
in biodegradable polymer PLGA microspheres, cellular association of microspheres over a
time course was studied on monolayers of cultured glial and neuronal cells. Microspheres
loaded with y32-P ATP labelled ribozyme were prepared and incubated with cells for various

time points up to 8 hours at 37°C as described in section 2.10.2. The cellular association
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values were normalised for cell number as with free ribozyme cellular investigations (chapter

3) in order to make a rigorous comparison between cell lines.
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Figure 4.12. Cellular association of microsphere entrapped ribozyme in C6, GTI, SY3Y and
US7 cells over a time course. Error bars represent n=3 +SD.

Figure 4.12 illustrates the results of the time course study for cellular association of
microspheres containing ribozymes. Generally the pattern of association was similar in all
cell lines with a slight difference in the magnitude of association in cells. Human
glioblastoma cell line U87, relatively, had the highest mean association value starting with
4.3% at 1 hour and 6.7, 7.9, 10.4, 11.1 and 13.0% for 2, 3, 4, 6 and 8 hours respectively.

There was a statistically significant difference between time points (F(s 17= 22.5, P<0.05).

For the rat neuroblastoma cell line, GT1, the association values were 4.6, 7.1, 8.5, 11.2, 11.8
and 13.9% for 1, 2, 3, 4, 6 and 8 hours respectively. There was a significant difference
between the time points (Fs 7= 4.9, P<0.05). Cellular association values for the human
neuroblastoma cell line (SYS5Y) were 4.0, 6.3, 7.4,9.8,10.4 and 12.2 % for 1, 2, 3, 4, 6 and 8
hours respectively. There was a significant difference in the association values across the
time points (F (5.17) = 9.2, P<0.05). Finally for the human glioblastoma cell line U87 the
cellular association values were relatively the highest, 5.1, 7.9, 12.4, 13.2 and 15.5% for 1, 2,
3, 4, 6 and 8 hours respectively. There was significant difference (Fs.7= 11.7, P<0.05)

between time points.
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These results demonstrate that the association of ribozyme entrapped in microspheres is
many fold greater than free ribozyme all cell lines. For the rat glioblastoma C6 cells for the
6-hour time point there was 18-fold increase in association with microspheres in comparison
to free ribozyme. For the remaining cell lines, GT1, SY5Y and U87 in comparison to free
ribozyme the association of microsphere delivered ribozyme was 27, 20 and 18-fold greater.
Within the rat species there was no significant difference between the glial C6 and neuronal
GT1 cell lines whereas in the human cultured cells there was 1.9 times greater association in
glial U87 cells in comparison to neuronal SYSY cells. Similar increases (5-fold) in uptake
have been reported by Smith, (2000) when oligonucleotides were encapsulated in
microspheres and delivered to cells. In another study a 11-fold increase in microsphere
delivered oligonucleotide uptake was observed (Khan., 1999). These results suggest that a
different mechanism of association of ribozyme could be responsible for the increased
association in cultured cells which is not cell type specific as seen by no significant
difference in the association of ribozyme in glial and neuronal cells of both species though

variations in cell culture conditions need to be considered.

4.11. Effect of temperature on the cellular association of microspheres

In order to further differentiate the association process as active or passive, cellular
association of PLGA microspheres was evaluated at two different temperatures, 4 and 37°C,
for 4 hours on a monolayer of cultured glial and neuronal cells. The protocol used in this

study is described in section 2.10.3 with the results illustrated in figure 4.13.

As the results show, association of microsphere loaded ribozymes was strongly dependent on
temperature. In the rat glial cells at the low temperature, 4°C, the cellular association was
4.6% and at the high temperature 37°C it was 13.1%, resulting in a significant (T()= 0.001,
P<0.000) 3-fold difference in the association. Similarly for the rat neuroblastoma, GT1, and
human neuroblastoma cell line, SYSY, it was observed that there was a 3-fold difference
between the two temperatures, which was statistically significant (T(= 0.001, P<0.001).
Finally with the human glioblastoma cell line a 3-fold significant difference was observed in
the cells (T= 0.001, P<0.001). These results strongly demonstrate that the association of

ribozyme entrapped in PLGA microspheres was an active process.
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Figure 4.13. The effect of temperature on cellular association of polymer entrapped ribozyme in
C6. GTI, SYSY and U87 cells. The bars in black colour show the cellular association for each cell
line at 4°C and white bars show cellular association at37 C. Error bars represent n=34SD.

4.12. Effect of metabolic inhibitors on the cellular association of microspheres

Results of the effect of temperature on the cellular association of microsphere-entrapped
ribozyme suggest that the association process was an active process and to further confirm
this, association of polymer entrapped ribozyme was investigated in the presence of

metabolic inhibitors as described in section 2.10.4.

The results of this study are illustrated in figure 4.14 with all four cell lines showing a strong
dependence on metabolic energy for association. In the rat glial C6 cells there was a 4.5-fold
reduction in the association when cells were devoid of metabolic energy by pre-incubation
with a-de-oxyglucose and sodium azide (T(g= 2.4, P<0.000). Similarly there was a 3-fold,
7 6-fold and 2-fold difference in the treated and non-treated normal cell populations in GT1,
SYSY and U87 cells with these differences being statistically significant (Tg= 0.18, 57.7,
2.95, P<0.05). These results confirm that association was an energy dependent process,

which can be inhibited by depleting the cells of metabolic energy.
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Figure 4.14. The influence of metabolic inhibitors on the cellular association of polymer entrapped
ribozyme in C6, GT1, SYSY and U87 cells. Cells were pre-incubated with metabolic inhibitors at
379C for 4 hours in the presence of inhibitors. Error bars represent n=32£SD.

4.13. Effect of pH on cellular association

In order to further characterise the association of microsphere entrapped ribozyme the effect
of pH on the association was investigated using the method described in chapter 2.10.5. The

results of this investigation are shown in figures 4.15, 4.16, 4.17 and 4.18.

The effect of pH on the association of microsphere entrapped ribozyme in cultured rat glial
cell line C6 is shown in figure 4.15. The values of cellular association of microspheres were
6.1% for pH 5 and 8.3, 7.9 and 8.2% for pH values of 6, 7 and 8 respectively. There was a
statistical difference in the mean association values of microspheres (F(s 9)= 3.95, P=0.05)
with post-hoc test showing that there was no difference between the pH points 6, 7 and 8
where as pH point 5 was significantly different from these points. Overall, the pattern

demonstrates that at low pH the mean cellular association was reduced.
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Figure 4.15. Effect of pH on cellular association of polymer entrapped ribozyme
on a monolayer of C6 cells. Data represents the means (n=3)£SD.

Figure 4.16 illustrates the cellular association of microsphere on cultured neuronal cell line
GT1. The cellular association profile shows that there was no effect of pH on the association
of low pH with values of 7.6, 7.8 and 8.6% whereas at pH 8 the cellular association was
reduced to 5.7%. Overall there was a significant difference in the association (F 10~ 1.3,
P=0.05) with post hoc test showing that pH 8 was significantly different from the lower pH
values (P<0.05).
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Figure 4.16. Effect of pH on cellular association of polymer entrapped ribozyme
on a monolayer of GT1 cells. Data represents the means (n=3)£SD.
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Figure 4.17. Effect of pH on cellular association of polymer entrapped
ribozyme on a monolayer of SYSY cells. Data represents the means (n=3)£SD.

Figure 4.17 shows the effect of pH on the cellular association of polymer entrapped
ribozymes in cultured human neuronal cells SY5Y. There was significant difference in the
cellular association at different pH values (Fi0= 6.81, P<0.05) with reduced cellular
association at pH values 5 and 8 (5.3 and 3.0%) with pH 6 and 7 showing higher values (7.6
and 6.9%).
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Figure 4.18. Effect of pH on cellular association of polymer entrapped ribozyme
on a monolayer of U87 cells. Data represents the means (n=3)£SD.

Figure 4.18 shows the effect of pH on the cellular association of microspheres in cultured
human glial, U87, cells. The pattern of association at these temperature shows that the
association was higher at low pH values (9.2, 10.5% respectively) than higher pH values of 7

and 8 (6.1 and 6.4% respectively) with the differences in the mean association values

165



significantly different (F(3,10= 13.22, P<0.05). An analysis of the these profiles within each
cell line and between cell lines shows that there is no consistent pattern of effect of pH on the
mean cellular association of ribozyme loaded microspheres. This data is in contrast to the
effect of pH on the association of free ribozymes which increased as the pH value decreased.
It seems that a different set of proteins is responsible for the association of microspheres to
cells which are not sensitive to pH changes. It was attempted to determine the size of these
cell surface proteins with the South-Western blot but due to technical difficulties in
optimising the washes required for the procedure (see section 2.8), further work was

abandoned in the interests of time.

4.14. Concluding remarks

Cellular delivery of free ribozyme investigated in chapter 3 illustrated that the association of
ribozyme in cultured glial and neuronal cells was highly limited. This result highlighted a
need to develop a delivery system to enhance cellular delivery of ribozymes. For this aim
internally labelled chemically modified ribozyme was encapsulated in microspheres prepared
from biodegradable polymer PLGA. Formulated microspheres were characterised for
physical and cellular association characteristics in this chapter. Ribozyme was entrapped in
microspheres formulated from three different co-polymer ratios, 90:10, 80:20 and 50:50 of
the biodegradable polymer PLGA using the double emulsion method. Microspheres of two
size ranges (0-5um and 10-20pm) were prepared by manipulation of the stirring rates during
the primary and secondary emulsion preparation phase. Microspheres of high yields were
successfully formulated with smaller microspheres exhibiting relatively higher yield than
larger microspheres. In contrast the percent encapsulation of ribozyme in the formulation

ranged from 34% to 48% for small microspheres and 50% to 57% for large microspheres.

This differential in encapsulation efficiency between small and large size range was further
observed in the values of loading of ribozyme per mg of microspheres when higher values
with large size range microspheres where observed in comparison to small size range
microspheres. The surface morphology of microspheres was observed to ascertain that
microspheres were of the desired shape and structure. Scanning electron micrographs
illustrated that microspheres were of spherical shape and there was no non-incorporated
polymer observed in the micrographs. The surface of formulated microspheres was smooth

and there were no collapsed or damaged microspheres. Finally in order to determine the size
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range of microspheres the microsphere sizes were evaluated with Malvern Mastersizer the
results from which confirmed the size range of microspheres in to two size ranges of 1-5um
and 10-20um. After successful formulation of microspheres of two size ranges with three
different co-polymers of PLGA the release studies of these different microsphere delivery
systems were carried out. Release studies evaluated the release of ribozyme from
microspheres over a time course. There was a significant difference in the release profiles of
ribozyme of three co-polymer ratios with the 50:50 and 80:20 ratio exhibiting a triphasic
release profile and the 90:10 ratio of the co-polymer exhibiting a biphasic release profile.
Within each co-polymer ratio there was also a significant difference between the large and
small microspheres with small microspheres producing a 3 to 4-fold greater ribozyme release
at the burst effect. Evaluation of the stability of microsphere entrapped ribozyme was carried
out to determine whether the fabrication process does not adversely affect the integrity of
ribozyme. Stability study results demonstrated that ribozyme remained intact after the
fabrication process and moreover incubation of microsphere-entrapped ribozyme in serum

medium protected the ribozyme from degradation from nucleases.

Characterisation of microspheres, in terms of size, shape, yield, loading values, stability and
release profiles, was followed by investigation of ribozyme cellular association properties.
Cellular association of the selected 50:50 co-polymer ratio small size range microspheres
was studied in cultured glial and neuronal cells over a time course. Results from this study
showed that cellular association of microsphere entrapped ribozyme was dependent on time
and resulting in a cellular association 18 to 27-fold higher than the free ribozyme in the
different cell types with no significant difference among the cell lines studied. Further
characterisation of the cellular association revealed that the cellular association was a
temperature and energy dependent process indicating that it was an active process and was
independent of pH of the incubation medium. These results demonstrate that PLGA polymer
microspheres can be utilized as a delivery system, which not only protect the ribozyme from

degradation but also enhance the cellular delivery of ribozyme and provide sustained release.
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CHAPTER FIVE

EVALUATION OF BIODEGRADABLE POLYMER MICROSPHERE
SYSTEMS FOR CENTRAL NERVOUS SYSTEM DELIVERY OF
RIBOZYMES

5.0. Introduction.

Delivery of drugs to the central nervous system (CNS) remains a challenging area of research
despite advances in the understanding of the anatomy and physiology of the central nervous
system and parallel new developments of potential therapeutic agents. For many diseases,
neurodegenerative and oncogenic, there are still no effective treatment modalities available
to deliver drugs into the brain particularly within discrete regions at a controlled rate. This
difficulty in CNS delivery arises due to the presence of the formidable blood brain barrier
(BBB). The blood brain barrier, which is structurally composed of non-fenestrated brain
capillary endothelial cells cemented by tight junctions, block the free exchange of large,
poly-ionic and hydrophilic molecules between the blood and brain extracellular fluid. This
high degree regulation of CNS permeability by the BBB only allows either small lipophilic
drugs to gain access to the CNS cells or molecules which have specific transporters and
severely limits penetration of large poly-ionic drug molecules. Unfortunately, recently
developed therapeutic agents such as antisense oligonucleotides and ribozymes, which have
large sizes and polyanionic character, have insignificant penetration to the CNS. This is
highlighted in an editorial in Drug Discovery Today (Pardrige, 2002), which reports that
98% of all new drugs discovered for CNS disorders do not cross the BBB, demonstrating a

strong need for a robust and novel CNS delivery system.

However, as described in the introduction of this thesis, several strategies have been
employed in order to overcome this problem. These strategies include: osmotic disruption of
the blood barrier (Neuwelt e «al., 1980), infusion pumps delivering drugs into the
cerebrospinal fluid (Harbaugh er al., 1988), catheter systems (Penn er al., 1995), coupling of
drugs to a carrier undergoing receptor-mediated trans-cytosis through the blood-brain barrier

(Hudson er al., 1999) and implantation of cells in the brain (Gage et al., 1987). One of the
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promising strategies for drug delivery to the brain is polymer based drug delivery systems,
which have been successfully used to provide delivery of variety of molecules to the brain
(see table 1.4). This strategy involves formulation of polymers in to slabs, wafers or
microspheres entrapping the drug, which can be stereotactically implanted in discrete regions

of the brain to provide sustained and controlled delivery.

Polymer based local treatment strategy entails several advantages including not only delivery
of the drug to the desired site at a controlled rate for a required time period but also helps to
improve the clinical outcomes by providing a therapeutic concentration at the target site and
by preventing debilitating toxicities seen with systemic administration as shown by several
studies with polymeric delivery of carmustine (Brem and Gabikian, 2001). Additionally,
sustained release of bioactive molecules from polymers obviates the need for repeated
administration to the parenchyma or ventricles, which is an inconvenient method and leads to
undesirable side-effects such as local tissue damage in the form of non-specific astrocytic
proliferation and microglial mediated inflammation. Furthermore the polymeric delivery
systems protect biologically labile molecules from degradation and also with biodegradable
polymers the need for surgical removal of implanted device is also eliminated once the

release of the drug molecule is complete.

Biodegradable polymer microspheres formulated from PLGA potentially constitute a robust
delivery system for the site-specific and sustained delivery of ribozyme targeted to neoplastic
and neurodegenerative conditions. The biodegradable polymer, PLGA, has a long history of
use in experimental and clinical studies with proven biocompatibility of the PLGA
microspheres implanted in the brain tissue (Menei e/ al., 1993). Ribozymes can be entrapped
in PLGA polymers by formulating microspheres, which due to their small size can be easily
implanted by stereotaxy in precise and functional areas of the brain without damage to the
surrounding tissues. This implantation avoids the inconvenient insertion of large implants by

open surgery and can be repeated under local anaesthesia if required.

[t was the aim of this chapter to investigate the effect of ribozyme containing PLGA
microsphere implantation on CNS tissue, characterise distribution of microspheres within the
CNS and eventual fate of the microspheres. Despite successful demonstration of microsphere
use to achieve delivery of molecules to particular regions of the brain there has been no study

reported in the literature which investigates the distribution of characteristics of PLGA

169



microsphere post ICV injection and also the distribution and fate of released molecules from
these microspheres over a time course. The precise distribution of the released molecules in
the brain especially in the context of local delivery strategies is important to characterise as it
has an significant factor for the selection of optimal injection site and the number of
implantations required. Moreover, information regarding distribution as a function of time
would be required to develop strategies for short or long half life CNS targets ranging from

few days to 6-12 months.

To achieve this aim ribozyme was entrapped in PLGA 50:50 microspheres and following
characterisation in vitro (chapter 4) microspheres were stereotaxically implanted ICV in male
Wistar rat brains. The effect of free ribozyme and microsphere entrapped ribozyme
implantation on CNS tissue was investigated by post-injection well being assessment and
histological evaluation of the CNS tissue. This was followed by an investigation of the
distribution of microspheres, spatially, over a series of time points and compared to free
ribozyme in the CNS after ICV injection. Finally, the effect of microsphere size range on the

distribution of particles in the CNS.
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5.1 RESULTS AND DISCUSSION

5.2. Behavioural assessment of ribozyme treatment

In order to investigate whether the ICV stereotaxic implantation of free and microsphere
entrapped ribozyme is safe and does not lead to harmful systemic and/or neurological effects
on the animals, a post-injection well being assessment was carried out. In this study, the
behaviour of animals was observed after ICV administration, of free and polymer-entrapped
ribozyme as described in section 2.11.3 and 2.11.6. The observation of animals included
monitoring the animal behaviour for signs of distress such as licking of paws, rising of the
fore legs, kicking of hind legs, weight measurement at regular intervals, fur condition and
movement of the animals. These observations showed that for the time points studied, 24
hours and S days, none of the animals exhibited obvious and noticeable systemic or
neurological adverse effects, which would have been evidenced by behavioural changes in

comparison to untreated animals.

These results confirmed that free and polymer-entrapped microspheres do not cause
behavioural toxicity and are safe and suitable for ICV implantation under anaesthesia in male

Wistar rats.

5.3. Histological evaluation

Following assessment of behavioural toxicity after ICV injections of free or polymer-
entrapped ribozyme further histological evaluation was carried out to search for histological
damage such as neuronal loss and glial cell proliferation. For this purpose rat brain
cryosections were prepared as described in section 2.11.2 and 2.11.3 and were examined for
histological damage 24 hours and 5 days post ICV implantation using cresyl fast violet
staining. The ICV injection was made at co-ordinates 0.8mm caudal to bregma, 0.14mm

lateral and 0.36mm ventral to bregma (Paxinos and Watson, 1986).

Coronal sections of the entire brain were microscopically examined for any visible
histological damage and illustrative coronal sections of a selection of various parts of the
brain are shown in figures 5.1.1 to 5.1.11. In these figures the sections on the left hand side

are from an untreated rat and the sections on the right hand side are from polymer treated rat
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brain. Certain brain regions were selected for further observation at a higher magnification
and these regions contained the areas of: frontal cortex, hippocampus, hypothalamus,
cerebellum, striatum, and corpus callosum. The high magnification sections are presented
alongside UV photographs in the subsegent distribution study sections. In these areas cresyl
violet staining revealed no observed neurological damage, neuronal loss or evidence of glial
cell proliferation in any of the two treatment groups as highlighted by the tissue histology.
These histological observations at both high and low magnification along with post-
implantation behavioural assessments indicate that ICV administration of free or polymer-

entrapped ribozyme does not cause any apparent histological and behavioural toxicity.

Figure 5.1.1. Showing a coronal section of the rat brain at regmb 2.20mm after cresyl violet fast
staining. Magnification 4x. Fc = Frontal cortex, cc = corpus collusum, st = striatum, ac = anterior
commisure.

Figure 5.1.2. Showing a coronal section of the rat brain at bregma 1.70mm after cresyl violet fast
staining. Magnification 4x Fc = Frontal cortex, cc = corpus collusum, st = striatum, ac = anterior

commisure.
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Figure 5.1.3. Showing a coronal sectio
Cc = COFpus collusum, st = striatum, ac = anterior commisur

Magnification 4 x. Fc = Frontal cortex, ¢
left ventricle.

bregma 0.70mm after cresyl violet fast

Figure 5.1.4. Showing a coronal section of the rat brain at
striatum, ms = medial septal

staining. Magnification 4x. Fc = Frontal cortex, cc = corpus collusum, st =

nu, left ventricle.

a coronal section of the rat brain at bregma 0.20mm after cresyl violet fast
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| Figure 5.1.5. Showing
= corpus collusum, st = striatum, ac = anterior

staining. Magnification 4x. Fc = Frontal cortex, cc
commisure, sp = septum, lv = left ventricle.
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section of the rat brain at bregma —0.30mm after cresyl violet fast

Figure 5.1.6. Showing a coronal
motor cortex, cc = corpus collusum, st = striatum, oc = optic chiasma,

staining. Magnification 4x . mc =
fx = fornix, 3V = third ventricle.

Figure 5.1.7. Showing a coronal section of the rat brain at bregma —1.60mm after cresyl violet fast

staining. Magnification 4x. Fc = Frontal cortex, st = striatum, hc = hippocampus, D3V = dorsal third

ventricle, Iv = left ventricle.

Figure 5.1.8. Swamg a coronal section of the rat brain at bregma —1.88mm after cresyl violet fast
staining. Magnification 4x. Fc = Frontal cortex, st = striatum, hc = hippocampus, D3V = dorsal third
ventricle, hp = hypothalamic region.
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Figure 5.1.9. Showing a coronal section of the rat brain at bregma —4.30mm after cresyl violet fast
staining. Magnification 4x. Fc = F rontal cortex, tr = thalamic region, hc = hippocampus.

Figure 5.1.10. Showing a coronal section of the rat brain at bregma _5.20mm after cresyl violet fast

staining. Magnification 4x. cc = corpus collusum, aucx = auditory cortex, tr = thalamic region, hp =

hypothalamus, hc = hippocampus.

oronal section of the rat brain at bregma —9.68mm afier cresyl violet fast

Figure 5.1.11. Showing a ¢
staining. Magnification 4x. cb = cerebellum, bs = brain stem region .
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5.4. Stability of ribozyme after in vivo CNS injection

The stability of ribozyme after ICV injection in vivo was investigated as described in section
7.6.3. As with the in vitro studies presented in sections 3.1.1 it is important to evaluate the
structural stability of ribozymes in vivo as a structurally intact ribozyme which penetrates the
cells will be effective in the blocking of target gene expression. The results of this study are
presented in figure 5.2. The lane labeled A is the original untreated control ribozyme, lane B
is free label y°°P —ATP and lane C is the ribozyme recovered from CNS. As lane C shows all
of the ribozyme had degraded after 24 hours. Despite the fact that nuclease activity in the
CNS is low (Giannakis e al., 1991), the stability of ribozyme was negligible in the rat brain
after 24 hours.

Figure 5.2. Stability of free ribozyme after ICV administration.
Lane A is the control, unexposed ribozyme, whereas lane B is free
label ¥*-P-ATP and lane C is the free ribozyme recovered from
the CNS tissue.

The stabilty of phosphodiester (PO) and phosphorothioate (PS) ODNs in the CSF after ICV
injection has been studied by (Whitesell et al., 1993) and was found that PO were completely
degraded within 100 minutes whereas the PS remained stable for this time period. In another
report the PS were degraded after 4 hours post ICV infusion (Yee ef al, 1994). This poor
stability strongly reflects the need for a delivery system which ensures the protection of

ribozyme from degradation.
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5.5. Distribution of free FITC-Ribozyme in the CNS

After evaluaﬁng the potential of toxicity, of free and polymer microsphere entrapped
ribozyme via ICV administration, the distribution of free and entrapped ribozyme in the CNS
was studie-d. This information is important for evaluating the potential of novel delivery
systems which are being developed for CNS drug targeting. In this section it was aimed to
determine the fate and distribution of free and polymer entrapped ribozyme after site-specific
lateral ventricular injection. Initially the free ribozyme was studied as described in this
section, which was then followed by an investigation of distribution of microsphere
entrapped ribozyme (section 5.6). Free riboyzme was injected in to the ventricles of CNS as
described in section 2.11.1 and the animal was sacrificed after 3 hours and crysections
obtained as described in 2.11.2. These sections were observed under UV light for potential
fluouresence from the administered FITC-labelled ribozyme. During these observations no
noticeable fluoresence was observed in sections 3 hours post ICV injection indicating that no

FITC-ribozyme was present in the CNS.

This could be due to the fact that the free ribozyme was rapidly cleared away from the rat
ventricular system present in the brain. The ventricular system in the rat brain, which consists
of the two lateral ventricles, third and fourth ventricle, which are interconnected with each
other and continous with the sub-arachnoid space and is filled with cerebrospinal fluid
(CSF). The CSF is generated at the blood-CSF barrier, which is formed by the tight junctions
at the apical membrane surface of the epithelial cells present on the linings of the choroid
plexus and other cerebro-ventricular organs (Brightman er al., 1970). Once formed at the
lateral ventricles it readily moves by bulk flow to the third and fourth ventricles via channels
and enters the sub-arachnoid space by passing through the cisterna magna. At the sub-
arachnoid space the CSF flows through the cerebral convexities and is absorbed in to the

general circulation at the superior saggital sinus across the arachnoid villi.

It was originally thought that injection of ribozyme at the ventricle will advantageous for two
reasons; firstly, it will result in less tissue damage, which is observed with direct parenchmal
injection and secondly, it is thought ICV injection is equivalent to slow IV infusion (Aired ef
al 1990) leading to a distribution of the ribozyme in the parenchyma of the cells in a
controlled fashion. However, in this case the ribozyme was rapidly cleared away from the

CSF by bulk flow and was not present in the ventricles for long enough to diffuse through
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Figure 5.3.1 shows a coronal section of the brain at bregma 0.48mm which shows the area of
ventricles, corpus collusum and caudate putamen. As seen in the figure 5.3.1, micrsopheres
remain in the ventricles for 24 hours, unlike free ribozyme and are still fluorescent as shown
by the photograph at the bottom. Another interesting observation was that microspheres
remained with in the ventricular system and did not diffuse through the walls of the
ventricles which are lined by ependymal cells and contain fenestrations, making these walls
more permeable in comparison to the blood-brain barrier. The parenchyma was carefully
observed at other sites such as the thalamus, hypothalamus, striatum, hippocampus,
cerebellum and cortical areas and no fluorescence was observed. All areas of which are
continous with ventricles such as the third or fourth ventricles and the subarachnoid space
had visible fluoresence indicating the fact that microspheres: of the size range used only
remain within the ventricular system after 24 hours (figures 5.3.2,5.3.3,53.4,53.5,5.3.6,
5.3.7).

179



















































5.8. Concluding remarks

In this chapter it was aimed to investigate the potential of biodegradable polymer PLGA

microspheres for the CNS delivery of ribozymes.

In order to achieve this aim preliminary investigations were carried out to evaluate the
stability and distribution of free ribozyme after ICV injection. The stability investigation of
free ribozyme in the CNS demonstrated that most of the free ribozyme had degraded in the
CNS after 24 hours. Assessment of distribution of free ribozyme after ICV injection showed
no visible distribution of ribozyme in the parenchyma of the cell, which could be explained
by the fact that the ribozyme was rapidly cleared by the ventricular system and therefore
allowing no riboyzme penetration in to the parenchyma of the brain. These observations of
rapid clearance and degradation of free ribozyme underscores the need for a delivery system
providing protection from degradation and sustained release of ribozyme. In order to achieve
this desired stability and sustained delivery of ribozymes, microsphere delivery systems
prepared from biodegradable polymer PLGA incorporating riboyzme were injected ICV to

evaluate their in vivo CNS delivery potential.

Initially, the toxicological profile of ribozyme containing PLGA microspheres was
investigated. This toxicological profiling is important to establish the suitability of
biodegradable polymers as an implantable delivery system to the brain after ICV
administration. Histological evaluation indicated that there was no toxicity as evidenced by
an observation of no local tissue damage or gliosis or any sign of behavioural disturbance in
rats. Following these results the distribution of fluorescently labelled ribozyme molecules
entrapped in microspheres was investigated 24 hour post ICV injection. The distribution of
fluoresence indicated that microspheres of the size range ~ Sum largely remained entrapped
in the ventricular system and did not permeate the parenchyma of the brain. The sites in the
brain where microspheres were observed included lateral ventricles, third ventricle, fourth
ventricle and sub-arachnoid space. These results indicate that the despite rapid turnover of
CSF in the ventricular system the microsphere loaded ribozymes remain in the ventricular
system for 24 hours in comparison to free ribozyme which are almost completely removed
from the CSF in 24 hours. In an additional result in which microspheres were implanted by

mistake in the motor cortex area of the brain for 5 days post ICV injection 1t was observed

196



that microspheres remain at the site of injection with no movement of particles to other areas

of the brain.

In order to characterize the effect of size of particles on passage through the fenestrated
linings of the ventricular system walls and into the parenchyma of CNS, latex particles of
two progressively small sizes were studied. It was thought that small particles will be able to
pass through the fenestrated ependymal cell lined ventricle walls allowing greated
distribution of small particles in the substance of the brain. However, results showed that
both particle sizes showed similar distribution profiles in the CNS after ICV injection as the
large PLGA microspheres. Due to time constraints, planned experiments to further
characterise the uptake of fluorescently labelled ribozymes in the glial and neuronal cells

were not carried out.

These results show that micropheres containing ribozymes are capable of and toxicologically
safe for stereo-taxic injection in the cerebral ventricles. These microspheres remain at the site
of Injection without causing any local tissue reaction for 24 hours if injected in the
parenchyma of the brain. Injection of microspheres in the lateral ventricles results in
localisation of microspheres in the ventricular system for 24 hours. Reduction in particle size
distribution form Sum to 2.5um and 0.5um does not result in any visible penetration in the
substance of the brain. These results show that microspheres can be effective delivery

systems for site-specific delivery of ribozyme in the brain.
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CHAPTER SIX

6.0. GENERAL DISCUSSION

Since their discovery in early eighties as naturally occuring RNA molecules with catalytic
properties, ribozymes have been extensively investigated as biological tools and potential
therapeutic agents but their full realisation as a clinical drug still remains to be achieved.
From the published studies it is evident that for successul application of exogenously
administered ribozymes in the clinic it is important that certain key issues in the delivery of
ribozymes, namely; selective delivery to the target organ and site, uptake by specific cells,
transportation to the required sub-cellular compartments and finally hybridisation with the

target mRNA for cleavage, are further optimised.

It was the aim of this thesis to characterise and compare the cellular association of ribozyme
in glial and neuronal cells in vivo and in vitro, as this information is important for the
optimisation of the cellular delivery of ribozymes and their ultimate use as novel anti-tumour
agents for CNS applications. It was further aimed to determine the effect of PLGA polymer
microspheres entrapping ribozymes, on the stability and cellular association of ribozymes in
these cells with a view to develop a sustained release delivery system for CNS administration
of riboyzmes. The ribozyme investigated in this study was targeted to the epidermal growth
factor receptor mRNA, as over-expression of EGFR along with a number of other genes has
been implicated as a causative factor in the progression of brain tumours such as
glioblastomas and neuroblastomas. It is thought that the ribozyme strategy with its high
specificity in gene inhibition will provide an effective treatment for brain tumours by down-

regulating the expression of tumour causing genes.

The hammerhead ribozyme investigated in this study was administered exogenously as this
delivery strategy is more amenable to utilization of chemically synthesized ribozymes and
offers many advantages such as repeated administration, titration of the dose to balance risk-
benefit ratio, reversibility of treatment and the facility to discontinue treatment if adverse
effects become intolerable or severe. However, a major consideration in the exogenous

delivery strategy is the evaluation and optimisation of ribozyme stability in biological media
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as ribozymes in their unmodified form are highly susceptible to degradation by intra and
extra-cellular nucleases as shown in section 1.4.1.1, leading to total loss of ribozyme activity.
Therefore it is necessary that steps are taken to enhance the stability of ribozyme by
increasing their resistance to nucleases by chemical modifications or by entrapping the

ribozyme molecules in a delivery system.

The ribozyme characterised in this thesis has several site-specific chemical modifications
involving protecting the 2°-OH groups on pyrimidine bases, terminal ends of the ribozyme
and internucleotide bonds to enhance the biological stability (see section 1.6) as these sites
are most susceptible to degradation by nucleases (Peyman er al., 1997). Similar
modifications have been reported to significantly enhance stability while preserving catalytic
activity (Beigelman et al., 1995b; Shimayama e al., 1993). In order to characterise the
stability of this ‘chimeric’ ribozyme molecule evaluated in this experimental work, it was
incubated in a range of biological media. In serum medium it was found to be stable for up to
I hour after which the ribozyme degraded progressively. This degradation of ribozyme
structure in serum medium highlights the difficulty experienced with exogenous delivery of
nucleic acid molecules as structural integrity is the basis for efficacy. However, ribozyme
stability up to 1 hour is a significant development in stability as an all RNA ribozyme

molecule degrades within less than a minute (Jarvis ef al., 1996).

In contrast, ribozyme remained stable up to 24 hours in serum free medium due to the
preclusion of serum from this medium resulting in negligible nuclease activity. This medium
was then selected as the incubation medium for use during cellular association experiments,
despite the fact that it does not represent the ultimate clinical application, because obtaining
information regarding the cellular association characteristics is a key component for the
investigation of the cellular delivery of ribozyme. To further investigate the influence of
cellular monolayers on the stability of ribozyme it was incubated with cellular monolayers of
each cell line and ascertained that up to 6 hours most of the ribozyme was structurally intact

which validates the time frame of the association studies.

The ultimate aim in researching ribozyme delivery is to develop ribozyme based therapies
for the treatment of brain tumours such as glioblastoma multiforme for which there are no
currently satisfactory treatment strategies. It was for this reason cultured glial and neuronal

cells were used as a model to investigate the cellular delivery of ribozyme in this thesis. A
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parallel interest was to investigate if there was any difference in the association of ribozyme
between the glial and neuronal cells of both species as previous work in the laboratory had
reported differences in the uptake of oligonucleotides (in vivo) (Khan et al., 2000) and

ribozymes (ex vivo) in different cells (Fell er al., 1997).

In order to characterise the nature and extent of cellular association of ribozymes in both
glial and neuronal cells of each species, rat and human, a series of cellular association
experiments were carried out. Time course studies indicated that the association of ribozyme
increased with time in all cells and reached a plateau phase after 6 hours with the maximum
association for rat neuronal cells being 0.44% (GT1) and human neuronal being 0.51%
(SYSY) and for glial cells it was 0.62% (C6, rat) and 0.76% (U87, human). Generally, there
was no distinct difference in the overall pattern of association with modest rise in association
for the first three hours and with highest association observed between the 3 to 4 hour time
points followed by a plateau phase after the 4™ hour suggesting saturation in association.
Further time points were not investigated as the ribzoyme structure was stable up to 6 hours
on the monolayers. These results are consistent with time course uptake reported by (Fell er
al., 1997) for ribozyme and with DNA oligonucleotide uptake reported by (Levis et al.,
1995). In terms of the extent of ribozyme association, there was no significant difference
between the glial and neuronal cells of both, rat and human, species. This is in contrast to
reports by (Fell er al., 1997) in which uptake of ribozyme has been found to be cell type
specific, with a 3-fold difference observed between the cells of different tissues of non-CNS

origin.

The absence of any difference across the cell types and species was consistently observed
during the course of mechanistic studies as well. To date there is no study in published
literature which compares and evaluates the differences in association of ribozyme in CNS
cells only. In contrast there are several studies which have evaluated the uptake of antisense
oligonucleotides in CNS cells. These studies show that in vivo neuronal cells take up greater
oligonucleotides in comparison to glial cells (Khan er al., 2000, Sommer er al., 1996; Ogawa
et al., 1995). Due to time constraints it was not possible to investigate the cellular association
of ribozyme in vivo in order to make an in vivo and in vitro comparison of cellular
association of ribozyme as this could provide useful information for investigating and

evaluating various delivery strategies to optimise cellular delivery of ribozyme.
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In order to further investigate the nature of the ribozyme association mechanism by cells,
mechanistic studies were carried out. Investigation of cellular association of ribozyme at two
different temperatures, 37°C and 4°C, indicated that association was an active process, which
was temperature dependent and hence required energy to occur. This was confirmed by
carrying out association studies in the presence of of metabolic inhibitors which showed that
depletion of metabolic energy significantly reduces association. However, a small but
noticeable cellular association was observed at the low temperature and also after depletion
of metabolic energy which suggested the association mechanism included a non-energy
dependent component as well. In an attempt to further characterise the nature of the cellular
association process as to whether it was fluid phase mediated or membrane surface carrier
molecule mediated the extent of cellular pinocytosis (fluid phase uptake) was determined by
studying the association of the fluid phase marker mannitol over a time course. In all cell
lines, neuronal and glial, mannitol had no significant uptake indicating that the cells under
investigation had negligible pinocytotic activity. From this it is inferred that ribozyme

association into cells could not be due to pinocytosis.

To further elucidate the nature of the association mechanism, the specificity of association
was investigated by self competition studies. Self-competition studies with increasing
concentration of unlabelled ribozyme showed that the association of ribozyme was reduced
with higher concentration of unlabelled ribozyme. This indicated that there was a cell surface
molecule, which binds to the ribozyme and mediates the association of ribozyme. In order to
investigate whether this ribozyme-binding surface molecule was a lipid or protein, post
incubation trypsin washings were carried out. This assessment showed that the majority of
ribozyme was bound to trypsin sensitive proteins, which mediate the association of ribozyme
in cells. The specificity of ribozyme association with this cell surface trypsin-sensitive
protein molecule was further investigated by co-incubation with nucleic and non-nucleic
polyanions. All of these polyanionic molecules reduced the cellular association of ribozyme
reflecting the fact that ribozyme shares the association mechanism with other polyanionic
molecules. The association of ribozyme was increased by reduction of pH suggesting that
lonic Interactions play a significant role in the hybridisation of ribozyme with surface
binding proteins. Similar increased uptake in hepatoblastoma cell of oligonucleotide was also
reported by (Goodarzi ef al., 1991) and it was suggested that this is due to the presence of

binding proteins on the cell surface which exhibit greater binding at acidic conditions.
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Analysis of the disassociation profile of the associated ribozyme was carried out to obtain
information regarding the post-association sub-cellular distribution of ribozyme. The results
showed that all cells generally exhibited a biphasic pattern of ribozyme disassociation
representing a two compartment sub-cellular distribution of ribozyme in the cytoplasm. The
first compartment which accounts for the early rapid release of the ribozyme constitute the
early primary endosomes situated close to the surface or ribozyme bound to the cell surface.
The second slower disassociation results from the deeper compartments of the cytoplasm

such as medium to late endosomes or lysosomes or as yet unidentified sites with cytoplasm.

In order to visualize the sub-cellular distribution and fate of ribozyme post-association
fluorescent localisation studies were carried out. The results showed that the associated
ribozyme displayed a characteristic punctate distribution pattern indicating that ribozyme had
been sequestered in sub-cellular vesicles. Punctate patterns of distribution have also been
observed in studies with oligodeoxynucleotides (Wagner, 1994; Agrawal ef al., 2003), and
this was considered to be indicative of localisation within endosomal or lysosomal vesicles

(Rojanasakul, 1996).

Finally, ribozyme-binding cell surface proteins which facilitate the association of ribozyme
in cells were separated and identified using South-Western blotting for each cell line. The
results showed that rat glioblastoma C6 cells had two proteins of the sizes, 65 kDa and 58
kDa, rat neuroblastoma GT1 cells have three proteins with molecular weights of 84, 74 and
58 kDa. Human neuroblastoma cell line SYSY had proteins of 74 and 58 kDa and the human
glioblastoma cell line expressing a single protein of 58 kDa which binds to ribozyme. It is
these molecules which mediate the cellular association of ribozyme. As stated in section 3.14
there are several reports of cell surface proteins of different sizes in the literature from

studies in different cells.

The results presented in this chapter show that the cellular association of ribozyme was very
poor and limited and it may inolve a combination of internalisation mechanisms which are
energy dependent such as endocytosis or non-energy dependent passive processes. Some of
the results such as energy and temperature dependence are consistent with an endocytic
model of ribozyme association by cells in which, a given molecule binds to cell surface

proteins which could be receptors or glycoproteins. Clathrin coated pits are formed in cell
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membrane around the ribozyme-protein complexes, which are internalised and form early
endosomes. These early endosomes could either recycle back to the cell membrane or in due
course lead to endosomes, late endosomes and finally lysosomes, which are the final vesicles

of the endocytic pathway (Gruenberg, 2001).

In the case of ribozyme endocytosis results in the entrapment of the ribozyme in the
endocytic vesicles creating a further obstacle in the delivery of ribozyme to its target site in
the cytoplasm or nucleus. This results in reduced bioavailability of ribozyme in the cytosol
and therefore to the prevention of ribozyme from carrying out its biological effect. As it is
unlikely that ribozyme like oligonucleotides, can leave these endosomal compartments by
passive diffusion (Akhtar et al., 1991). The entrapment of the ribozyme in the endocytic
vesicles could further lead to either the efflux of the ribozyme from the cell or degradation by
nucleases in the harsh acidic environment of the endo-lysosomal vesicles. Endo-lysosomal
compartments contain a battery of deoxyribonuclease, ribonuclease, phophatases and
pyrophosphatases which together degrade nucleases with Tsge, in the range of 30-50 minutes
(Hudson er al., 1996b). Loke et al., (1989) and Zhao et al., (1993) have observed similar
results of entrapment of most of oligonucleotides in lysosomal-endosomal compartments and
it was concluded (Shoji et al., 1991) that endosome to cytoplasm transfer is the critical
limiting step for the pharmacological actions of oligonucleic acids. The fact that
oligonucleotides given exogenously exhibit biological activities suggests some molecules
escape from these compartments at some point during the endosome to lysosome transport
and reach the target sites. However, there is no information available in the literature

elucidating the mechanism and extent of this release.

From the discussion so far it is evident that there are three crucial aspects namely, ribozyme
stability in serum medium, limited cellular association and entrapment in endo-lysosomal
entrapments, which are hampering the successful application of ribozyme in any model
system. The first obstacle namely structural stability of ribozyme in serum medium has been
addressed by the partial chemical modifications of the ribozyme investigated in this thesis to
a limited extent. Further optimisation of the chemistry to enhance stability will lead to
unwanted side effects such as seen with serum resistant oligonucleotides. Oligonucleotides
with all phosophorothioated linkages lead to non-sequence specific binding to proteins

(Stein, 1996). However, as an alternative, utilisation of a pharmaceutical delivery system
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which not only protects the ribonucleic acid molecule but also helps in overcoming the

remaining two obstacles will be useful.

In this regard several strategies and systems have been investigated which include
microinjection, permeabilization using pore-forming agents such as streptolysin-O, anionic
peptides, electroporation and membrane translocating peptides such as Taf, amphipathic
model peptides and signal peptides with varying degrees of success (Dokka and Roj anasakul,
2000). Microencapsulation is another strategy which has successfully incorporated nucleic
acid molecules in biodegradable polymer microspheres for enhancing the cellular delivery of
oligonucleotides (Khan et al., 2000). In order to overcome the above mentioned limitations
and obstacles in the cellular delivery of ribozyme it was aimed to microencapsulate ribozyme
in PLGA microspheres. PLGA is a copolymer of lactic acid and glycolic acid and is one of
the most widely investigated for a range of applications as described in section 1.5.1.
Microspheres are porous particles with spherical shape in the micron size range and are

emerging as promising delivery systems for site-specific administration of drug molecules.

Information regarding physical characteristics such as microsphere size, size distribution,
shape, porosity, loading, encapsulation efficiency is important as these characteristics
influence release patterns (Dunne et al. 2000). Knowledge of cellular association
characteristics is also necessary to deploy microspheres to provide an optimum delivery of
drugs in terms of dose and duration to the required site to ensure effective drug concentration
for a robust therapeutic effect while at the same time minimising side-effects. These
characteristics in turn are greatly dependent on the method selected for formulating
microspheres. To date there are several methods available for microencapsulation of drugs in
microspheres which include single emulsion process, double emulsion process, coacervation
and spray drying (Jain, 2000). From these methods the double emulsion method has been the
most widely used technique for manufacturing microspheres which was first reported by

(Ogawa, et al. 1988).

Ribozyme investigated in this thesis was successfully microencapsulated in to PLGA
microsheres and were characterised for physical and cellular association characteristics.
Ribozyme was entrapped in microspheres formulated from three different co-polymer ratios,

90:10, 80:20 and 50:50, of the biodegradable polymer PLGA using the double emulsion

method. Microspheres of two size ranges (0-5um and 10-20um) were prepared by
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manipulation of the stirring rates during the primary and secondary emulsion preparation
phase. The rationale for investigating three different copolymer ratios and microsphere size
range was to select a suitable formulation which not only protects the ribozyme from
nucleolytic degradation but also to achieve a sustained release of ribozyme for a sufficiently
long period of time to cause down-regulation of the target protein. With all ratios
microspheres of high yields were successfully formulated with smaller microspheres
exhibiting relatively higher yield than larger microspheres. In contrast the percent
encapsulation of ribozyme in the formulation ranged from 34% to 48% for small
microspheres and 50% to 57% for large microspheres. This differential in encapsulation
efficiency between small and large size range was further observed in the values of loading
of ribozyme per mg of microspheres when higher values were observed with large size range
microspheres in comparison to small size range microspheres. Similar differences in
encapsulation and drug loading between the small and large size range microspheres have

also been obeserved in cisplatin loaded PLGA microspheres (Garcia-Contreras et al., 1997).

Scanning electron microscopy showed that microspheres were successfully formulated and
had a smooth surface and a compact spherical shape and no collapsed or damaged
microspheres were observed. Finally size distribution analysis confirmed the size range of
microspheres into two size ranges of 1-5um and 10-20pm. After successful formulation of
microspheres of two size ranges with three different co-polymers of PLGA, the release
studies of these different microsphere delivery systems were carried out. Data regarding the
kinetics of drug release from microspheres is a critical factor that is directly related to drug
availability at the target tissue and hence its therapeutic effect. Release studies evaluated the
release of ribozyme from microspheres over a time course with a significant difference in the
release profiles of ribozyme of three co-polymer ratios. The 50:50 and 80:20 co-polymer
ratios exhibited a triphasic release profile and the remaining 90:10 co-polymer ratio exhibited
a biphasic release profile. Within each co-polymer ratio there was also a significant
difference between the large and small microspheres with small microspheres producing a
4.3-fold greater ribozyme release at the burst effect than the large microspheres for the 90:10

and 50:50 co-polymer ratios and 1.6-fold difference observed with 80:20 ratio.

Analysis of release patterns showed that in the 90:10 ratio the only significant release of

ribozyme was from the microsphere surface which constituted the burst effect after which
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there was no significant release. This is due to the fact that the 90:10 ratio due to its high
lactide content is more crystalline and is resistant to hydration and degradation which results
in entrapment of ribozyme within the polymer matrix. This co-polymer ratio can be used for
delivering drug molecules for extended periods of time in the range of 6 to 12 months. The
80:20 ratio in turn displayed triphasic profile with different patterns observed for small and
large microspheres. The release incorporated burst effect (release from surface), sustained
release (resulting from co-polymer hydration and erosion) and for the small microspheres
bulk degradation phase. Finally the 50:50 co-polymer ratio for both microsphere sizes
exhibited a triphasic release profile with release of ribzyme from the polymer surface,
erosion and bulk degradation. This co-polymer ratio had the lowest burst effect phase and a
steady slow release phase which probably results from release of ribzyme from polymer
hydration and erosion. After 21 days for both microsphere sizes there was an increased
release of ribozyme from bulk degradation. The 50:50 ratio formulation with small
microsphere size range was selected for further experimental work due to its 28 day release
profile. The initial low burst effect could potentially provide a loading dose and sustained
release phase can provide for maintenance of drug concentration at the target site. Bulk
degradation of microspheres after 28 days eliminates the need for removal of polymer after

completion of drug release.

Evaluation of the stability of microsphere entrapped ribozyme was carried out to determine
whether the fabrication process did not adversely affect the integrity of ribozyme. Stability
study results demonstrated that ribozyme remained intact after the fabrication process and
moreover incubation of microsphere-entrapped ribozyme in serum medium protected the

ribozyme from degradation by nucleases.

Characterisation of microspheres, in terms of size, shape, yield, loading values, stability and
release profiles, was followed by investigation of ribozyme cellular association properties.
Cellular association of the selected 50:50 co-polymer ratio small size range microspheres
was studied in cultured glial and neuronal cells over a time course. Results from this study
showed that cellular association of microsphere-entrapped ribozyme was dependent on time
and had a 5-fold higher cellular association than the free ribozyme with no significant
difference among the cell lines studied. Similar increases in the uptake of microsphere
entrapped oligonucleotides have been reported by Smith, (2000) and Khan, (1999). This

enhanced association observed with microspheres highlighted the potential of microsphere
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mediated delivery and warranted further studies to understand the mechanism of microsphere
uptake in cells. Further characterisation of the cellular association revealed that the cellular
association was a temperature and energy dependent process indicating that it was an active
process as the free ribozyme. However, in contrast to free ribozyme microsphere association
was independent of the pH of the incubation medium indicating that microsphere is not
facilitated by cell surface associated proteins as found with free ribozymes. Due to
limitations in time it was not possible to further confirm this with trypsin washings and
South-Western blots. The enhanced association seen with microspheres probably results
from the altered pharmacokinetics due to increased and sustained release of ribozyme from
microspheres acting as a depot in the vicinity of cells. These results demonstrate that PLGA
polymer microsphere constitute a robust deliver system, which not only protects the
ribozyme from degradation but also enhances the cellular delivery of ribozymes by releasing

the ribozyme in a sustained manner.

In recent years nucleic acid molecules have been increasingly used in the CNS as biological
tools for understanding gene expression in relation to downstream behavioural consequences,
as rapid screens in drug target validation and as potential therapeutic agents (for review see
Chiasson, 1996; Wahlestedt, 1994). Despite successfull demonstration of nucleic acid based
molecules such as antisense and ribozymes in vitro and in vivo there are no universal
guidelines for their effective application as gene blockers in the CNS. Moreover, the fate of
nucleic acid molecules in nervous tissue as well as their mechanism of action are still far
from clear, with some studies reporting side-effects and lack of efficacy. This is due to the
fact that the CNS presents its own unique challenges with regard to application of this
epigenetic technology to the treatment of CNS diseases due to the presence of the
biomechanical barrier, the BBB, and the absence of adequate systems for the delivering

macromolecules to the brain.

Ribozymes and antisense oligonucleotides have very poor penetration across the BBB as
evidenced by a study on in vivo pharmacokinetics which showed that only <0.01%/cm’
tissue of a systemically injected dose of a phosphorothioate antisense oligonucleotide
reached the brain where its residence time was as short as 60 minutes (Tavitian ef al., 1998).
Due to this poor penetration into the CNS shown by large polyanionic molecules after
systemic administration, regional therapeutic strategies are particularly becoming an

attractive option for this organ system. These strategies include direct intraparenchymal or
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intracerebroventricular injections. In the case of direct injection into the ventricles the CSF
space provides a practical and physiologically well-defined compartment in which tQ‘

systemically examine novel drug actions in vivo.

As stated earlier the ultimate aim of our research is to apply ribozyme technology to down-
regulate oncogenes such as EGFR for the treatment of CNS malignant diseases. Localised
delivery strategies such as ICV injection have been applied to assess and investigate the CNS
delivery of ribozymes. Results presented in chapter five demonstrate that ICV injections of
free and polymer entrapped ribozymes did not have any toxic effects on the CNS tissue as
shown by post-injection histological assessments. Fluorescent localisation studies showed
that there was no visible fluorescence in the ventricle or surrounding tissue after 24 hours.
This could be attributed to either the degradation of free ribozyme in the CNS or to rapid
removal of ribozyme from the ventricular system by CSF circulation. This necessitated the
use of polymer microspheres from biodegradable PLGA polymer to achieve a stable and
sustained delivery of ribozyme in the CNS. Sustained drug release in the central nervous
system by the means of implantable polymeric devices has been developed over recent years.
The first polymer devices studied were macroscopic implants needing open surgery for
implantation, however, newer microencapsulation methods allow the formation of
microspheres that can be implanted into the brain by stereotaxy (Camarta ef al., 1992),
(Howard et al., 1989), (McRae-Deguerce el al., 1988) and (Menei e al., 1993). This
stereotaxical method has the additional advantage of multiple and repeated implantations into

the brain under local anaesthesia.

The distribution of fluorescently labelled ribozyme molecules entrapped in microspheres was
investigated 24 hour post ICV injection. The distribution of fluoresence indicated that
microspheres of the size range ~ Sum largely remained entrapped in the ventricular system
and did not permeate the parenchyma of the brain. The sites in the brain where microspheres
were observed included lateral ventricles, third ventricle, fourth ventricle and sub-arachnoid
space. These results indicate that the despite rapid turnover of CSF in the ventricular system
the microsphere loaded ribozymes remain in the ventricular system for 24 hours in
comparison to free ribozyme which are almost completely removed from the CSF in 24
hours. In an additional result in which microspheres were implanted by mistake in the motor

cortex area fo the brain for 5 days post ICV injection it was observed that microspheres
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remain at the site of injection with no movement of particles to other areas of the brain.
Similar results have been observed by Liphardt et al., (2001); Smith, (2000) who have
reported presence of microspheres at site of injection up to 2 days and also by Khan, (1999)
who observed presence of ODN loaded microspheres present in the neostriatum 2 days after

the injection.

In order to characterize the effect of size of particles on passage through the fenestrated
linings of the ventricular system walls and in to the parenchyma of CNS, latex particles of
two progressively small sizes were studied. It was thought that small particles will be able to
pass through the fenestrated ependymal cell lined ventricle walls allowing greated
distribution of small particles in the substance of the brain. However, results showed that
both particle sizes showed similar distribution profiles in the CNS after ICV injection as the
large PLGA microspheres. Due to time constraints, planned experiments to further
characterise the association of fluorescently labelled ribozymes in the glial and neuronal cells

were not carried out.

These results show that micropheres containing ribozymes are capable of and toxicologically
safe for stereo-taxic injection in the cerebral ventricles. These microspheres remain at the site
of injection without causing any local tissue reaction for 24 hours if injected in the
parenchyma of the brain. An ICV injection of microspheres results in localisation of
microspheres in the ventricular system for 24 hours. Reduction in particle size distribution
form Sum to 2.5um and 0.5um does not result in any visible penetration in the substance of
the brain. These results show that microspheres can be developed into effective delivery

systems for site-specific delivery of ribozyme in the brain.
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SUGGESTIONS FOR FURTHER WORK

To carry out in vivo subcellular distribution studies after ICV injection to determine
the extent of free and polymer entrapped microspheres uptake in both glial and

neuronal cells in the rat species.

To carry out efficacy studies using western blotting to determine the extent of EGFr

down-regulation and its effect on tumour growth.
To formulate microspheres with size distribution less than 0.5pum to investigate
whether this would allow passage of microspheres through the ependymal lining of

the ventricles to achieve greater distribution in the brain parenchyma.

To carry out south-western blotts with microspheres to determine whether

microspheres bind to any cell surface proteins.
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