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Abstract

The orally bioavailable hydroxypyridinone iron chelator, CP20 (L1 or
deferiprone) is known to induce bone marrow hypoplasia and thymic aplasia in
laboratory animals and apoptosis in thymocytes and leukaemic cell lines, although the
mechanisms are unclear. Experiments contained within this thesis have sought to
elucidate how iron chelators CP20 and Desferrioxamine (DFO) induce apoptosis in
murine thymocytes, human leukaemic cells and haemopoietic progenitor cells.

Inhibition of the iron (III) containing enzyme, ribonucleotide reductase (RR)
with consequent inhibition of DNA synthesis has been examined as a possible
mechanism of apoptotic induction. The apoptotic effects of the RR inhibitor,
hydroxyurea, have been compared with those of the iron chelators in thymocytes,
human leukaemic HL60 cells and human haemopoietic progenitors. Apoptosis has
been compared in different cell types by quantitative flow cytometry. DNA synthesis
inhibition has been assessed by the incorporation of both BrdU and 3H-thymidine.

Whereas iron chelators induce thymocyte apoptosis as early as 4 hours,
hydroxyurea showed no effect, suggesting that RR inhibition is not the primary
apoptotic mechanism in this cell type. By contrast, both the chelators and hydroxyurea
induced apoptosis in proliferating HL60 cells where BrdU analysis showed that for
both HU and chelators the apoptotic population was derived from cells which had
recently entered S phase. In haemopoietic progenitors derived from CD34" peripheral
blood cells in liquid culture, apoptosis was induced by HU and chelators only when
the cells were in cycle (> days 2 or < 9 days of culture). These findings are consistent
with inhibition of RR being causative in apoptotic induction in proliferating cells but
not in thymocytes.

In thymocytes, induction of apoptosis by chelators requires RNA and protein
synthesis because actinomycin D and cycloheximide respectively abrogate this
process. Chelator induced apoptosis was equal in p53 knockout and wild-type
thymocytes, suggesting that primary DNA damage is not the apoptotic trigger.

A possible link between chelation of zinc and the induction of apoptosis was
also investigated. In thymocytes, zinc was shown to abrogate the apoptotic effects of
chelators in vitro and in vivo. Furthermore prolonged exposure of thymocytes to
chelators deprives the cells of intracellular zinc, indicating that zinc chelation may
contribute to the apoptosis. The bidentate hydroxypyridinones interact with
intracellular zinc pools at low concentrations (1uM CP20) in a fundamentally different
manner from the hexadentate iron chelator DFO. Unlike the latter chelator, CP20 can



shuttle zinc from inaccessible sites within cells onto larger zinc chelating molecules
thereby enhancing apoptosis.

In conclusion, the findings in this thesis show that proliferating cells in S-
phase are particularly susceptible to apoptotic induction by iron chelators.
Furthermore because of the similarity in terms of cell specificity and kinetics of
apoptosis between HU and iron chelators, inhibition of RR is a likely mechanism of
apoptotic induction in proliferating cells. However in thymocytes which are
predominantly non-proliferating, a different mechanism of apoptotic induction must be

invoked, which may in part involve the chelation of zinc.
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reactions, plays a key role in the formation of harmful oxygen radicals that ultimately
cause peroxidative damage to cell structures (Meneghini, 1997).

Both forms of iron form salts with common anions, but ferrous salts, although
quite stable in the solid state, are oxidised to the ferric form in solution in the presence
of oxygen, similarly ferric salts are stable as solids, however at neutral pH they form
insoluble polynuclear hydroxide complexes which make the iron biologically
unavailable. Several strategies must therefore be adopted for the acquisition of iron.
Bacteria and fungi mainly acquire iron by the production of siderophores, small organic
molecules with a very high affinity for Fe(III), which act as scavengers (Harrison et
al., 1996). Higher animals eg. man acquire iron from foodstuffs. Plants tend to be a
poor source of iron because of the prescence of phosphates, phytates and polyphenols,
all of which inhibit absorption by formation of insoluble complexes. Meat is a better
source of iron because the haem is readily absorbed (Harrison et al., 1996; Crichton et
al., 1998).

Protein/Enzyme Function

Haemoproteins

Haemoglobin Oxygen Transport

Myoglobin Oxygen Transport

Peroxidases Constitute microbicidal system of phagocytic cells
Catalases Decomposes H,0, to O,

Cytochrome C oxygenase Utilization of O,

Cytochrome P450 Electron Transport

Iron Sulphur Proteins

Ferredoxins Conversion of cholesterol to steroid hormones
NADH dehydrogenase Oxidative phosphorylation

Xanthine oxidase Electron transport

Aconitase Transforms citrate to isocitrate in the Kreb's cycle

Non-Haem-Non-Sulphur Proteins

Ribonucleotide Reductase Reduces dTTP to TTP

Table 1.1 Examples of iron-containing proteins and their function

22



Because of this virtual insolubility and potential toxicity, iron is almost always
found bound to specialized proteins either for transport (transferrin) (section 1.3.1),
for storage (ferritin) (section 1.3.2) or as a component of functional compounds
such as various enzymes, particularly for redox reactions (Brittenham et al., 1994).
This ability of iron to form coordination compounds is responsible for its binding to
many organic molecules. In most of these, the iron atom forms an octahedral complex.
One or more of the coordination sites may be linked to water molecules, or to molecular
oxygen (which is important for the oxygen-transporting property of haemoglobin).
Coordination may also occur to small molecules giving rise to iron chelates. These
chelates, which normally involve Fe(IlI), may be of moderate affinity eg. citrate, or of
high affinity eg. Desferrioxamine (DFO). Under normal physiological circumstances
therefore the quantity of iron in the body is carefully controlled to avoid the
accumulation of amounts that can exceed the capacity of the body for safe storage and

produce the potentially toxic reactions.
1.3 Iron homeostasis in man

In man the average iron content is estimated at 4-5 g of which about 1.0-1.5g
represents the iron reserve (Crichton et al., 1996; Ponka et al., 1998). The amount of
storage iron normally remains relatively constant throughout life, the stores of males
being in general greater than those of females. The largest pool of iron is present as
haem in haemoglobin, where it is involved in oxygen transport. Therefore de novo
synthesis of haemoglobin during erythropoiesis in bone marrow is the most prominent
route of iron utilization. Considering that the average life span of an erythrocyte is 3 to
4 months, at most 1% of the iron is recycled everyday. The second most abundant
haem protein is myoglobin, which carries oxygen in muscle and this protein accounts
for about 5% of total body iron. Figure 1.1 shows a schematic representation of iron
physiology in man. Nutritional iron is absorbed by the intestines in small amounts
compared with the total iron pool present in various tissues and proteins. Exchange
between tissues occurs via serum, where iron circulates bound to transferrin. Most of
the transferrin bound iron is used for the synthesis of haemoglobin by developing red
cells. Senescent erythrocytes are phagocytosed by the cells of the monocyte-
macrophage (reticulo-endothelial) system that liberate haemoglobin iron and release it
back to plasma transferrin at a rate that normally matches the rate of iron transport for
erythropoiesis. However at any given time, only about 0.1% of the total iron is in this
recycling pathway. Hence, 99.9% of the total iron is either incorporated in tissue-
specific expressed proteins, or stored as ferritin.

23
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oxygen of an aspartic acid residue. These amino acids occupy four of the six octahedral
sites around each Fe atom, leaving two cis positions to be filled by water and/or the
anion.

The liver is the main source of Tf but it is also synthesized in small amounts in
the brain (Espinosa de los Monteros et al., 1994) and lymph nodes (Djeha et al.,1993).
Transferrins are the iron binding proteins in body fluids and have two major functions.
By binding iron, Tf directs the metal to cells that express transferrin receptors which
provide the sole physiologic route of entry into the cell for Tf-bound iron. With the
exception of mature erythrocytes, Tf receptors are probably expressed on all cells, with
the highest expression being found on haemoglobin synthesizing cells, placenta,
neoplastic tissue and rapidly dividing normal cells (Galbraith et al., 1980; Sutherland et
al., 1981; Ponka et al., 1998), suggesting that the Tf receptor is expressed in
coordination with cell proliferation. The receptor consists of a disulphide-linked
transmembrane glycoprotein homodimer having a molecular weight of 180kDa and
each subunit binds one molecule of Tf. The reported association constants of transferrin
and the receptor vary greatly falling between 10-7 and 10-9 mol/L, but this may be due
to a difference in receptor affinity between different cell types.

Controlled delivery of iron to tissues is achieved by receptor-mediated
endocytosis of a transferrin-transferrin receptor complex (Aisen, 1994; Ponka et al.,
1997; Richardson et al., 1997) (Figure 1.2). In the first step of receptor-mediated
endocytosis, Tf attaches to specific Tf receptors on the cell surface by a physiochemical
interaction, a process that is not dependent on temperature and energy. However, by a
temperature and energy dependent process, the Tf-receptor complexes are then
internalized by the cells and enclosed within endocytic vesicles. Iron is ultimately
released from the Tf within the endocytic vesicles by a temperature and energy
dependent process that involves endosomal acidification (Morgan, 1981).

The mechanism of iron transport through the plasma membrane remains poorly
understood, however one likely candidate appears to be the natural resistance-
associated macrophage protein-2 (Nramp-2), although its precise cellular location in
various cell types remains to be determined (Gunshin et al., 1997). Fleming et al.,
(1997) suggested that mutation of this protein caused decreased iron uptake by
erythroid cells of mice with microcytic anaemia and more recently in the Belgrade rat
(Fleming et al., 1998). Once the iron has passed through the membrane it then enters a
poorly characterised compartment known as the intracellular labile iron pool, the iron
can then be ultimately used metabolically as described in section 1.2 or stored in

ferritin.
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and a heavy subunit (H-subunit) of about 21kDa (Crichton and Ward, 1992). Once
within the protein shell, iron is stored in the ferric state as ferric-oxyhydroxide
phosphate. Under normal conditions intracellular iron is stored as ferritin, however
under situations of iron overload, cells contain another form, haemosiderin, which is
probably a degradation product of ferritin (Ponka et al., 1998). Haemosiderin is
essentially localised in siderosomes which represent enlarged lysosomes. In iron-
overloaded syndromes such as primary and secondary haemochromatosis the iron
content of haemosiderin can increase by up to 100-fold whereas ferritin increases its
iron storage capacity by only 5-10-fold (Selden et al., 1980).

The mechanisms surrounding the loading and unloading of iron in cellular
ferritin are currently poorly defined. In vitro evidence indicates that ferrous iron, which
is incorporated into the shell much more efficiently than ferric iron, is oxidised and
deposited after its association with the inner surface of the subunits (Cowan et al.,
1993). Ferritin is constantly broken down within the lysosomes of cells and much of
the iron released is reincorporated into new ferritin molecules. However Pippard et al.,
(1986) showed that degradation of the ferritin protein may be an important mechanism
for the release of iron and its availability to chelating agents. When 59Fe-ferritin was
administered intravenously into rats it was shown to be rapidly taken up by
hepatocytes. The 59Fe was readily available for chelation by DFO, however chelation
of S9Fe failed when the animals were pre-treated with chloroquine which inhibits

lysosomal catabolism of ferritin.

1.3.3 Iron-dependent transcriptional control of ferritin and TF receptor

Cellular iron homeostasis is achieved through regulation of the cellular
expression of the transferrin receptor and ferritin synthesis. Research conducted on
non-erythroid cells cultured in vitro revealed that iron-dependent regulation of both
transferrin and ferritin occurs at the post-transcriptional level, mediated by iron-
responsive elements (IREs). IREs were first identified in the 5' untranslated regions
(UTRs) of ferritin H- and L- chain mRNAs (Klausner et al., 1993; Theil, 1994; Hentze
et al., 1996) and were shown to mediate inhibition of ferritin mRNA translation in iron-
deprived cells. The IREs are cis-acting nucleotide sequences, forming stem loop
structures that contain an unpaired cytidine 6 bases 5' of a 6 membered loop whose
sequence is CAGUGN. These hairpin structures are recognised by trans-acting
cytosolic RNA binding proteins known as iron regulatory proteins (IRPs).

The IRPs coordinate the intracellular uptake and storage of iron by translational
control of the synthesis of transferrin receptor and ferritin and the interactions of the
IRPs with IREs is well documented (Iwai et al., 1995; Rouault and Klausner, 1996;
Hentze et al., 1996; Richardson et al., 1997) (Figure 1.3).
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Recently two closely related IRPs which have been designated IRP-1 and IRP-
2, have been purified and cloned (Hentze et al., 1996; Richardson et al., 1997).
Interestingly, IRP-1 was found to share homology with mitochondrial aconitase, an
iron sulphur [4Fe-4S] cluster-containing enzyme of the Kreb's (citric acid) cycle. In
iron-replete cells, IRP-1 contains a [4Fe-4S] cluster and in this form possesses
aconitase activity and binds RNA with low affinity. In contrast when iron is scarce,
IRP-1 lacks a [4Fe-4S] cluster and aconitase activity and binds to IREs with high
affinity. IRP-2 lacks this aconitase activity and instead functions solely as an RNA-
binding protein, the regulation of IRP-2 by iron being mediated by specific proteolysis.

Transferrin receptor synthesis is regulated by controlling the stability of
cytoplasmic transferrin receptor mRNA. The 3' untranslated region (3'UTR) of
transferrin receptor mRNA contains 5 IREs. Binding of the IRP's to the IRE's in the 3"
UTR retards cytoplasmic degradation, increasing the concentration of cytoplasmic
transferrin receptor mRNA and hence transferrin receptor synthesis. With an increased
number of cellular transferrin receptors, iron uptake is enhanced. By contrast, ferritin
synthesis is controlled without changes in the amount of ferritin mRNA present by
repressing translation of ferritin mRNA. The 5' untranslated regions (5'UTR) of
ferritin and ferritin mRNA contains a single IRE. Binding of an IRP to the IRE in the
5'UTR arrests translation of ferritin mRNA resulting in less ferritin being produced and
therefore iron sequestration is diminished. These mechanisms allow cells to maintain a

tight control over intracellular iron pools.

1.3.4 Iron absorption

For normal body homeostasis iron absorption must balance iron excretion. In
man iron is absorbed from the gastrointestinal tract, primarily by the enterocytes within
the duodenum. Recently new insights into the mechanism and regulation of intestinal
iron absorption suggest the existence of an "Alternative Pathway" for iron uptake.
Unlike the previously elucidated transferrin-transferrin receptor pathway, the alternative
pathway does not involve the major iron-carrying plasma protein transferrin (Umbreit ez
al., 1998) (Figure 1.5).

1.3.4.1 Intestinal cellular iron uptake

Iron is predominantly found in the diet as haem iron and various iron salts eg.
ferric citrate or as complexes with protein and carbohydrates (Conrad, 1987). In man
normal individuals absorb between 1 and 2mg each day from the duodenum and upper
jejunum. Most dietary inorganic iron is ferric iron as iron in the ferrous valence state
Fe(II) is spontaneously oxidised to the ferric state(III). In the acid pH of the stomach
the iron is solubilised and it chelates mucins and certain dietary constituents to keep it
soluble and available for absorption in the more alkaline duodenum (Conrad et al.,
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It is currently unclear how haem traverses the membranes of absorptive surfaces
of intestinal epithelial cells and targeted to specific intracellular locations for degradation
of the haem with the release of inorganic iron (Figure 1.4). The absorptive
mechanism for haem in intestinal micovilli is probubly different from cellular uptake of
haem and/or haemoglobin by phagocytic cells. In plasma, haem and haemoglobin are
bound to proteins (haptoglobin, albumin) and it is these haem and haemoglobin protein
complexes that are transported into phagocytes to conserve body iron (Smith ez al.,
1981; Uzel et al., 1998). Unbound free haem and haemoglobin are excreted by the
kidney and can produce iron deficiency if there is considerable loss of iron in the urine.
These binding proteins do not exist in the gut lumen making it probable that the
intestinal haem receptor is different than that which exists on phagocytic cells in the
liver and other body organs. Recently, Umbreit et al., (1998) showed preliminary data
postulating that the membranes of absorptive cells possess both halo-transferrin and
apotransferrin receptors that regulate the ingress and egress of cellular iron.

Not all the iron taken up from the lumen into the cells is transferred into the
plasma, a variable proportion can be sequestered within mucosal cells and eventually
discarded into the gastrointestinal tract when the cell exfoliates, and iron absorbed from
the gut in excess of body requirements might be incorporated into mucosal cell ferritin
(Hartman et al., 1963; Crichton, 1991).

The systemic phase is concerned with the mechanisms which determine how the
body's iron requirements are communicated to the mucosal cell. The uptake of iron
from the lumen of the intestines increases when larger doses of iron are ingested
(Charlton et al., 1965; Skikne et al., 1994). However it has been observed that with
increasing concentrations of iron, the percentage of iron uptake decreases. Such a
block, originally described by Hahn in 1943, has been referred to as a "mucosal
block”. The mucosal block theory has been invoked to explain the control of iron
uptake. The amount of iron in the enterocyte increased with iron repletion and
decreased with iron deficiency suggesting that iron saturation of critical sites in the
mucosal tissues controlled the uptake of iron (Ponka et al., 1998).

1.3.4.2 Non-intestinal cellular iron uptake

Unlike absorptive cells in the intestine, non-intestinal cells appear to possess
three pathways for uptake of inorganic iron, these being the classical transferrin-
transferrin receptor pathway, the transferrin associated transferrin receptor independent
pathway (TRIP), and the transferrin independent mobilferrin-integrin paraferritin
pathway (MIP) (Figure 1.5). The TRIP is used when transferrin receptors become
saturated at physiological concentrations of iron and Tf, again internalized mobilferrin
acts as an intermediate between the Tf iron and haem (section 1.3.4.1). The recently
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described alternative MIP pathway is the major pathway for intestinal absorption of
inorganic iron and may only be used efficiently for mucosal uptake of iron and iron-
overloaded individuals with fully saturated transferrin (Umbreit et al., 1998).
Alternatively it may facilitate iron uptake from the TRIP after degradation of transferrin
near the surface of the cell.

Therefore, iron levels in normal individuals are under stringent control.
However, there are certain conditions when the iron status can change, either locally as
found in ischaemic tissue or systemically as with haemochromatosis or transfusion

induced iron overload, where abnormal levels of iron can induce toxic symptoms.

c ) A
Fe-chelates

Tf-receptor

Haem-Fe
Tf-Fe Haemoxygenase
B D
Proteolysis
Fragments

Haem-Fe Ti-Fe

Figure 1.5: Interacting pathways involved in iron uptake

Ircn can be absorbed via four different pathways. These include two pathways in which iron is presented
to the cell bound to transferrin: (A) the transferrin (Tf)- transferrin receptor clathrin-coated pit pathway
and (B) the transferrin-receptor-independent pathway (TRIP). The transferrin independent pathways are,
(O) the mobilferrin-integrin pathway (MIP) and (D) the haem pathway.

Mb-Mobilferrin, PF-paraferritin.

Acapted from Ponka et al., 1998
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1.4 Iron overload

Whilst disturbances of iron balance usually result in a reduction of total body
iron, in some situations iron overload occurs (Crichton, 1991). Iron overload develops
in any circumstance in which there is a prolonged positive iron balance. Most of the
surplus iron is deposited in the reticuloendothelial system and/or parenchymal cells.
Evolution has given us mechanisms for absorbing dietary iron with about 10%
efficiency, but we have no mechanism for the elimination of excess iron. If the body
experiences a sudden and significant loss of blood, stores of iron from ferritin can be
drawn on for the synthesis of new haemoglobin to replace that which is lost, usually
however transfusion supplants this need. Therefore in a healthy individual, excessive
iron stores serve no known function (McCord, 1998). Because humans have no
physical means of eliminating excess iron, any sustained increase in the amount of iron
entering the body may eventually result in iron overload. As suggested earlier (section
1.2), iron is usually made unavailable to participate in the generation of harmful free
radicals by binding to ligands such as transferrin, however in the scenario of iron

overload such protective mechanisms become saturated.

1.4.1 Iron mediated free radical damage

Like most transition metals, iron in excess is a toxic burden to the organism.
Although the mechanism by which iron causes tissue damage is essentially unknown, it
seems likely that free radicals are involved. A free radical has been defined as any

species capable of independent existence that contains one or more unpaired electrons.
Indeed the reduction of molecular oxygen, O2 to water, where the products are

superoxide (02°), hydrogen peroxide (H202) and the hydroxyl radical (HO-) is one of
the commonest reactions in the body. Many investigators believe that the most
destructive action of the superoxide radical is in bringing about the reductive release of
iron from ferritin (Biemond et al. 1986, McCord, 1998). It has been proposed that O,_
enters the ferritin core through the hydrophilic channels, followed by the reduction of
Fe(III) to Fe(II). This enables release of iron from the ferritin core (Biemond et al.,
1988). Once iron has been liberated in the presence of superoxide and its dismutation
product, hydrogen peroxide, the hydroxyl radical (HO.) may be formed by Haber-
Weiss chemistry:

Fe2+ + H2072 >>>>> Fe3+ + OH + HO.
032~ + Fe3t >>>>> 02 + Fe2+

02.- + H202 >S>>>> 02 + OH- + HO.
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Unlike the superoxide radical, which is not highly reactive compared to most
other free radicals, the hydroxyl radical is an extremely powerful oxidising species. The
hydroxyl radical can attack all classes of biological macromolecules. It can
depolymerise polysaccharides (McCord et al., 1974), cause DNA strand breaks
(Halliwell er al., 1992), inactivate enzymes (Zhang et al., 1990) and initiate lipid
peroxidation (Gutteridge et al., 1982) (Figure 1.6).

Disease Processes

oy

o H,0,

2
Superoxide _ Glutathione Peroxidase
Dismutase
Ferritin and - — Catalase
Fe/S proteins [ Fe
HO

:

Lipid Peroxidation

Phospholipid hydroperoxide |__

Glutathione Peroxidase — TVitaminE Vitamin C

Cell Injury and Death

Figure 1.6: Involvement of iron in cell injury and death

The protective antioxidant enzymes and vitamins are shown in italics and their points of
intervention in the process are indicated by the dotted lines.

Adapted from McCord, 1998

Lipid peroxidation is a chain reaction that is amplified by redox-active iron and

it is the action of the hydroxyl radical which would appear to have the greatest
pathophysiological consequences in diseases such as ischaemic heart disease and
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stroke. Furthermore, the increased susceptibility of membrane lipids to peroxidation as
observed in thalassaemic red cells may be a function of the excessive iron seen in these
patients. Free radicals have been implicated in iron-induced injury to many tissues,
including lung (Adamson et al., 1993) and heart (Scott et al., 1985; Hershko et al.,
1987; Link et al., 1993). Other tissues from iron-overloaded animals are also
hypersensitive to peroxidative injury, again by a suspected free radical reaction. Indeed,
iron-catalysed lipid peroxidation and its suppression by iron chelators have been used
as a means of evaluating the potential usefulness of a chelator (Hershko et al., 1987).

1.4.2 Causes of iron overload

In both adults and children, iron overload may be produced by an increased
absorption of dietary iron, by parenteral administration of iron or both. Increased
absorption of iron may be the result of 1. an inappropriately elevated absorption of iron
from a diet containing normal amounts of iron (as occurs in idiopathic
haemochromatosis and iron-loading anaemias). 2. Consumption of large amounts of
dietary iron, eg. In the South African Bantu population.(Gordeuk ef al., 1992). Large
amounts of parenteral iron loading is produced by repeated blood transfusions, of
which the thalassaemias represent the classic example. Disorders associated with iron
overload are outlined in Table 1.2.

Table 1.2: Disorders associated with iron overload

Disorder Mechanisms of iron overload

Hereditary haemochromatosis Recessive inheritance of increased intestinal iron absorption
Iron-loading anaemias Ineffective erythropoiesis, with or without red cell transfusion
Excessive iron intake

Red cell transfusions Infusion of haemoglobin iron

Elemental iron Prolonged ingestion of medicinal iron

African iron overload Ingestion of excessive dietary iron + genetic factor (?)
Porphyria cutanea tarda Associated inheritance of hereditary haemochromatosis allele(s)
Liver disease Increased intestinal absorption of dietary iron

Focal haemosiderosis

Idiopathic pulmonary Alveolar extravasation of red cells

Renal Haemosiderosis Chronic intravascular haemolysis

Iron overload in animals

Experimental iron overload Infusion/feeding of excess elemental iron

Experimental copper deficiency Ceruloplammin deficiency (impaired iron oxidation)

2 microglobulin deficiency Increased intestinal iron absorption (HFE gene defect)

Adapted from Bottomley, 1998

The two genetic disorders commonly associated with parenchymal iron
overload which have been particularly well documented in the literature are the primary
iron overload of idiopathic haemochromatosis, and the secondary iron overload of the
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thalassaemias. The causes are respectively, excessive iron absorption from the diet, and
parenteral administration of iron in the form of transfused red blood cells.

1.4.2.1 Idiopathic Haemochromatosis

The term haemochromatosis was introduced over one hundred years ago by
Von Recklinghausen to describe the combination of extensive haemosiderin deposits in
the liver, accompanied by cirrhosis.

The genetic basis of haemochromatosis was established when it was shown that
that there was a close linkage between haemochromatosis and the human leucocyte
antigen (HLA) class 1 loci, with the disorder being inherited as an autosomal trait
(Simon et al., 1977). The phenotype may manifest at one extreme by organ damage due
to iron overload (this phenotype would include cirrhosis, diabetes, arthropathy,
endocrine failure, myocardopathy and skin pigmentation). At the other end of the
phenotypic scale is the finding of increased transferrin saturation concentration with no
evidence of iron overload or organ damage. Haemochromatosis is one of the most
common inherited diseases in Caucasians of European descent. 10-13% of this
population are heterozygotes for the haemochromatosis mutation with homozygotes
occurring with a frequency of 5 in 1000 (Bothwell et al., 1998).

Recognition of a conserved haplotype on haemochromatosis chromosomes led
several groups to a positional cloning strategy in order to isolate the haemochromatosis
gene (Jazwinska er al., 1995; Feder et al., 1996; Ajioka et al., 1997). The gene
subsequently has been designated HFE. The HFE gene encodes a HLA class 1-like
molecule and a mutation in HFE leading to the substitution of tyrosine for cysteine at
position 282 (C282Y) has been identified in most haemochromatosis homozygotes.

The C282Y mutation occurs in a highly conserved region of HLA class 1
molecules, a region which is involved in P2-microglobulin binding. Recently,
Rothenberg et al., 1996 described an association in 32 microglobulin and iron overload
in B2 microglobulin knockout mice. It was found that the mice developed iron overload
with ageing and the distribution of body iron stores was identical to that found in
haemochromatosis in humans. The mechanism by which the C282Y mutation in HFE
leads to iron overload remains to be established.

1.4.2.2 Thalassaemia

In 1925 Thomas Cooley described a series of cases of splenomegaly in
immigrant children with anaemia and peculiar bone changes. This was the first
description of thalassaemia, a name first coined by Whipple and Bradford in 1936. The
name is derived from the Greek word thalassa, meaning the sea, since the condition is
particularly common to people originating from the Mediterranean basin. However the
distribution of the thalassaemias is now known to be widespread, with an incidence
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extending through Southern Europe and North Africa and the Middle East to India,
Indonesia and the Far East (Figure 1.7).

The thalassaemia syndromes represent the most common hereditary anaemias
worldwide that are characterised by ineffective erythropoiesis and associated iron
overload. The thalassaemias are associated with an impaired production of one or more
of the normal polypeptide chains of globin. Any of the four definitive polypeptides that
occur in normal haemoglobins may be involved (o, B, v, 8). However the most
prevalent thalassaemia syndromes are those involving the o or [ globin chains
designated o and P thalassaemia respectively (Weatherall and Clegg, 1981; Stumpf and
Townsend, 1992).

WNcw arcas[] Original arcas

Figure 1.7: Worldwide prevalence of Thalassaemia showing areas of thalassaemia

incidence
Adapted from Dobbin ez al., 1990

1.4.2.2.1 o Thalassaemia _

' Normal people have two o globin genes on each of their chromosome 16
(Crichton, 1991; Pippard, 1994). If both are lost (ct- thalassaemia) no o globin chains
are made, whereas if only one of the pair is lost (0+ thalassaemia) the output of o

317



globin chains is reduced. Impaired o globin production leads to excess Y or B chains
that form unstable and physiologically useless tetramers, y, (Hb Bart's) and B4 (HbH).
The homozygote state for o~ results in the Hb Barts fetalis hydrops syndrome, whereas
the inheritance of o- and o+ thalassaemia produces HbH disease. The Hb Barts
hydrops fetalis syndrome is characterised by the stillbirth of a severely oedematous
foetus in the second half of pregnancy. Hb H disease is associated with a moderately
severe haemolytic anaemia (Beris et al., 1995).

1.4.2.2.2 3 Thalassaemia

The B thalassaemias result from over 150 different mutations of the  globin
genes and occur in one in four offspring, if both parents are carriers of 3 thalassaemia
(autosomal recessive). The B globin gene is located on chromosome 11. Heterozygotes
for B thalassaemia are asymptomatic and have hypochromic microcytic red cells with a
low mean cell haemoglobin. Homozygotes usually develop severe anaemia in the first
year of life. This results from the deficiency of § globin chains causing excess o chains
to precipitate in red cell precursors leading to their damage either in the bone marrow or
peripheral blood. Hypertrophy of the ineffective bone marrow leads to skeletal
changes. If patients are transfused, growth and development may be ‘'normal'.
However, they accumulate iron and may die from damage to the myocardium, pancreas
or liver. They are also prone to infection and folic acid deficiency (Weatherall, 1996).

Currently the only effective treatment for thalassaemia is to increase the
haemoglobin levels by frequent blood transfusions, without which most patients die
within the first year of life. The goals of transfusion therapy are therefore to suppress
excessive ineffective erythropoiesis, eliminate the complications of anaemia and
compensatory bone marrow expansion, permit normal development throughout
childhood and extend survival (Weatherall and Clegg, 1981). However one unit of
blood corresponds to 250mg of iron which cannot be eliminated from the body. The
progressive accumulation of iron from regular blood transfusions leads to cardiac,
endocrine and liver damage, with death usually by the age of 20 years from heart failure
or arrhythmias (Modell, 1979). To prevent or treat iron overload, chelation therapy is
necessary (Figure 1.8).
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Figure 1.8:Success of various treatments for thalassaemia
Adapted from Dobbin et al., 1990

1.5 Iron chelation

In normal subjects, most of the body iron is unavailable for chelation and even
in iron-overloaded individuals there are protective mechanisms that minimise the
damage potentially arising from the increased iron load. As previously mentioned iron
is stored as the relatively inert haemosiderin precipitate, ferritin is induced and the
transferrin receptor is down-regulated to minimize iron transferrin-mediated uptake
(section 1.3). On the other hand, uptake of non-transferrin bound iron is increased in
iron-loaded cells (Parkes et al., 1993). Therefore, ¢ pool of iron, often referred to as
the labile iron pool (LIP) has been identified as the immediate cell target of iron
chelators (Crichton et al., 1992; Weaver et al., 1993) and has also been associated with
the form of iron which iron responsive proteins sense as part of their coordinated
regulatory response. The labile iron pool (LIP) of cells constitutes a cytosolic fraction
of iron which is accessible to permeant chelators and contains the cell’s metabolically
and catabolically reactive iron, furthermore it is maintained by a balanced movement of

iron from extra- and intracellular sources (Cabantchik et al., 1997).
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1.5.1 Sites of iron chelation

1.5.1.1 Extracellular iron

Iron can be chelated either in the plasma or from within cells. In the plasma,
iron is to be found tightly bound to transferrin and as such is virtually unavailable for
chelation in vivo. However in situations of increasing iron overload, the transferrin iron
binding capacity becomes saturated and non-transferrin bound plasma iron (NTBI)
appears. Although NTBI is quantitatively small (2.7-7.1pmol/l in thalassaemic sera) it
does represent an important source of iron, particularly in the generation of free
radicals. However, as this iron is not coordinated it is easily chelatable (reviewed by
Porter et al., 1989).

The turnover of transferrin bound iron is of the order of 30mg/d and iron
release from reticuloendothelial cells is therefore a major source of chelatable iron.
Evidence for this comes from studies on the action of DFO in laboratory animals and in
clinical studies. Using 99Fe cell labelling techniques in iron overloaded rats and
ferrokinetic data in humans several investigators have suggested that most urinary iron
excretion with DFO is derived from this source (Hershko, 1975; 1978, Hershko et al.,
1979). However others suggest that a proportion of the urinary iron may be derived
from hepatocytes and other parenchymal cells (Pippard et al., 1982; Hershko et al.,
1994). Theoretically an iron chelator may also compete with transferrin at the site of
delivery of iron to the red cell precursors or hepatocytes (Porter et al., 1989) (Figure
1.2).

1.5.1.2 Intracellular iron

Within the cell, iron chelators can potentially chelate from 3 kinds of iron pool:
1. storage iron (in ferritin and haemosiderin), 2. the LIP and 3. - non-haem
Fe-containing proteins (Figure 1.2). The main source of intracellular iron is released
from ferritin and in the scenario of iron overload, would theoretically represent a
potentially accessible source of chelatable iron for negative iron balance to be achieved.
However, because of the way in which iron is stored within the ferritin core it is
relatively difficult to chelate directly and indeed the slow rate at which ferritin iron can
be chelated, especially by large chelators, limit its importance (Porter et al., 1989).
Another important pool of chelatable iron is the transient, low molecular weight, so
called LIP. The existence of such a pool has been demonstrated in many cell types
including erythroid cells, Chang cells, peripheral blood leucocytes, reticuloendothelial
cells, intestinal mucosa and hepatocytes. Currently, very little is known about the
nature and properties of the low molecular weight intracellular iron pool (Porter et al.,
1989; Templeton et al., 1995), although Cabantchik ez al., (1996) and Epsztejn et al.,
(1997) have attempted to determine LIP levels in living cells based on the fluorescent
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probe, Calcein (CA). Finally, there are functional iron pools bound to iron containing
molecules which are essential for normal cellular function and include haemoglobin,
myoglobin and enzymes such as lipoxygenase and ribonucleotide reductase. However,
the iron contained within these molecules is not chelatable and iron levels are essentially
the same in iron-overloaded as in normal subjects amounting to 3g (Porter et al., 1989).
Therefore it would seem clear that it is the low molecular weight pool which represents
the major compartment through which all intracellular traffic of iron passes and is
readily chelatable.

1.5.2 Chelation therapy

An iron chelator is an organic molecule containing two or more functional
ligand groups which are capable of forming coordinate bonds with iron to form a
heterocyclic iron-containing ring (a chelate). The shared electrons of the co-ordinate
bonds are usually donated by atoms of nitrogen, oxygen or sulphur in the ligand
groups. Fe(Il) is regularly oxidised to virtually insoluble Fe(III) under physiological
conditions. Fe(II) has a coordination of 6 therefore it is most stable when linked with
six oxygen atoms. These may be supplied by 3 bidentate chelators donating two
oxygen atoms each (Figure 1.9), hence bidentate chelators such as CP20 form a 3:1
complex with iron or the oxygens may be supplied by one hexadentate chelator
donating all 6 oxygen atoms, hence hexadentate chelators such as DFO form a 1:1
complex with iron (Pippard 1989). The stability of a metal chelate in solution is
influenced by the number of donor groups present on the same molecule according to
the so-called chelate effect, ie. hexadentate ligands such as desferrioxamine form more
stable complexes than the corresponding bidentate or tridentate ligands. Hexadentate
ligands also have greater scavenging ability at low concentrations (<20ptM) and are less
likely to dissociate (Hider and Singh, 1992). The affinities between metal ion and
ligand are usually expressed as the equilibrium constants for the formation of a complex
from hydrated metal to the fully dissociated form of the ligand.

Fe3+ 4+ L <oommeev SFeL3+ K= [FeL3+]/[Fe3+][L]

The ability of a given chelator to remove iron from iron proteins such as
transferrin is not only based on thermodynamic but also on kinetic considerations.
Indeed, rates of removal of iron from transferrin may vary dramatically according to the
chelator (Kretchmar Nguyen et al., 1993). Finally, iron mobilisation from iron
containing proteins is also dependent upon tissue distribution, especially the membrane
permeability of the chelator. The partition coefficient of the chelator between octanol
and water at pH 7.4, measured as log p, gives an estimation of the facility to penetrate
the cell membrane by simple diffusion as well as of potential oral activity (reviewed by
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Galey, 1997). Table 1.3 outlines the factors which influence iron chelation.
Simplistically an iron chelator should itself be non-toxic, specific for iron, suppress
Fenton chemistry, remove iron from cellular pools and lead to its rapid excretion
without redistribution.

The goal of chelation therapy is to normalize the body iron load as rapidly as
possible without toxicity and then to maintain this status. For the past 20 years,
Desferrioxamine B has been a clinically useful drug available to relieve iron overload

b b &

BIDENTATE TRIDENTATE HEXA DENTATE

Figure 1.9: Coordination of iron
Adapted from Hider ef al., 1996

A. General properties

1. High affinity/selectivity for Fe(1II)
2. Low affinity for other transition metals, eg Cu(II)
3. Oral effectiveness
4. Access to available iron pools
5. Long-half life of the free chelate
6. Inexpensive
7. Long term tolerability

B. Properties to minimise toxicity

1. Limited lipophilicity of the iron-free chelator
2. Rapid elimination of the iron ligand complex
3. No re-distribution/re-absorption of iron
4. No facilitation by iron-ligand complex of microbial growth

Table 1.3: Ideal properties of an iron chelator
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1.5.2.1 Desferrioxamine

Desferrioxamine (Desferal, DFO) is a hydroxamate fungal siderophore
produced by Streptomyces pilosus with a high affinity for iron (IIl)(log B=31)
(Figure 1.10). By virtue of its high water solubility, the molecule can selectively
scavenge iron and facilitate its excretion in urine and bile. DFO in vitro enters a variety
of cells where it binds iron in the LIP which is in equilibrium with the storage pool
(Fosburg, 1990). Ferrioxamine, the DFO-iron complex, exits the cells with varying
efficiencies depending on the cell type. DFO in vivo is largely confined to the
extracellular space. However, it seems to enter hepatocytes quite readily and the
ferrioxamine that is formed appears almost exclusively in the stool, suggesting an
unidirectional path through the hepatocytes (Hershko et al., 1979). Ferrioxamine
formed extracellularly does not readily enter hepatocytes and is eventually excreted in
the urine (Keberle, 1964; Hershko et al., 1979).

DFO was introduced as a chelating agent in the 1960's (Keberle, 1964).
Because it is poorly absorbed from the gastrointestinal tract, DFO must be administered
parenterally. In 1964 Smith et al., (1964) showed that a slow continuous intravenous
infusion of DFO markedly increased urinary iron excretion, this mode of drug
administration was subsequently considered impractical. Interest was sparked in the
1970's when several researchers reported that intramuscular DFO administered 6 days
per week significantly increased urinary iron excretion, decreased the rate at which
serum ferritin levels increased and inhibited both hepatic iron accumulation and tissue
damage (Modell et al., 1974; Risdon et al., 1975). In 1977, Propper et al., (1977)
described the use of a small portable battery operated infusion pump to administer DFO
subcutaneously, which is still in use today for the treatment of iron overload. This
mode of administration proved to be 90% as effective as an equivalent intravenous dose
in terms of urinary iron excretion.

Without doubt, regular chelation therapy with DFO has been shown to prolong
life expectancy, reduce liver iron and establish a negative iron balance (Giardina et al.,
1985, 1990; Olivieri et al., 1994). Patients compliant with DFO are less likely to
develop cardiac complications than patients who are not compliant or who start
chelation therapy at an older age. Intensive chelation therapy with intravenous DFO has
been shown to improve cardiac function in some patients with pre-existing disease
concomitant with a rapid decline in serum ferritin levels, an increase in urinary iron
excretion and improved complience (Cohen, 1990). DFO has been shown to improve,
endocrine function. In one study sexual maturation did not seem to correlate with the
intensity of chelation therapy. However, in another study when chelation therapy was
started before puberty there was an increased chance of achieving normal sexual
maturation (Bronspiegel-Weintrob er al., 1990). Indeed early use of DFO has been
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shown to decrease the risk of endocrinopathies such as diabetes mellitis (Brittenham et
al., 1994).

Despite the obvious benefits of chelation therapy with DFO in thalassaemia
patients, there are still significant concerns regarding its safety, particularly at high
doses. Regimens in which the dose exceeded 50mg/kg administered intravenously over
12 hours in well chelated patients with minimal iron burden has been associated with a
variety of toxicities eg. neurological, pulmonary, renal, bone and growth abnormalities
(De Virgilis et al., 1988; Freedman et al., 1988; Gabutti et al., 1990; Koren et al.,
1991). Because the effectiveness of DFO is greatly enhanced by continuous infusion,
DFO is generally administered subcutaneously over an 8-12 hour period S to 7 days a
week by means of a small portable infusion pump. However this causes many
problems which limit its usage. It is highly expensive and inconvienient to use because
it is orally inactive and it only causes sufficient iron excretion to keep pace with
transfusion regimes. For this reason many patients, particularly adolescents find it
difficult to comply with the treatment regime.

While DFO presents these problems, it is nonetheless the standard with which
any new iron chelator must be compared, since it can achieve negative iron balance in
iron overloaded patients and manifests relatively few side effects. Unfortunately DFO
treatment is not universally available and there are at least 30,000 children born each
year with thalassaemia, mostly in Asia, for whom sub-cutaneous treatment with
portable infusion pumps is neither practical nor affordable (Hershko, 1988). Therefore
an inexpensive, orally active, iron chelator is highly sought after.

The obvious method of choice when designing new iron chelators is to model
compounds on the structures of naturally occurring siderophores, a growth promoting
agent secreted by microorganisms to scavenge iron from the environment.
Siderophores are low molecular weight compounds with a very high affinity for iron.
Coordination of the metal occurs in most cases via the oxygen atoms of either
hydroxamates or catechol moieties. However hydroxamates like DFO as stated earlier
are susceptible to the acid environment of the stomach. An approach presently under
investigation is chemical attachment of DFO to a hydroxyethyl starch polymer (Mousa
et al., 1992) which then creates a high molecular weight chelator with affinity for iron
identical to that of desferrioxamine but with a vascular half-life 10 to 30 times longer.
Therefore single infusions of this compound may improve compliance with long-term
chelating therapy .

The expense and inconvienience of DFO has led to a 25 year search for an
orally active chelator and a number of candidates have been tested in the past (Porter et
al.,1989, Hershko and Weatherall, 1988). Two major obstacles stand in the way of the
development of effective oral substitutes for DFO, these are the availability of
appropriate animal models for drug testing and the possibility of ensuring that candidate
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chelators are given the degree of toxicological screening that is appropriate for a drug
that will be continuously used throughout the life of the patient.

Initially animal testing should use a simple reproducible cheap system in which
several compounds can be compared at the same time. Once a compound has been
found to produce significant iron excretion, the results should be confirmed in a second
animal species. This is particularly important as basal iron excretion and the proportion
of iron chelated into faeces compared with urine are higher in laboratory animals than in
humans (Finch et al., 1978). Many years ago, Pippard ef al., 1981 developed a rapid
screening model in non-iron-overloaded rats using a single pulse of *Fe ferritin to label
hepatic parenchymal cells followed by a challenge with a test chelator 2 hours later, a
time when iron released by lysosomal degradation of ferritin is maximally available.
Although extracellular chelation of RE iron by DFO in urine was thought to be
influenced by the degree of iron overload in the rat, the model was able to identify the
urinary excretion of cold iron with DFO (Pippard et al., 1981).

Clinical trials of any drug should follow adequate toxicity testing for the
appropriate length of time in two species of animals as laid down by the various drug
regulatory authorities. Important considerations for the design of new iron chelating
drugs with regard to toxicity screening have been summarised in a recent review (Hider
et al., 1996), as it is almost impossible to construct a chelator for Fe(II), which does
not interact with other divalent transition metal cations such as Cu(Il), Co(Il), or
Zn(II). Chelators for Fe(IIl) are likely to be much more selective. Among the
candidates most worthy of consideration are derivatives of the bidentate hydroxpyridin-
4-one series (Porter, 1989) of which CP20 (L1, Deferriprone) is an example.

1.5.2.2 Hydroxypyridinones

The hydroxypyridinones were designed by Hider and colleagues (Hider and
Silver, 1982). These compounds are orally active due to their neutral charge in both the
iron bound and the iron free form and their high chemical stability which protects
against attack by digestive enzymes in the gastrointestinal tract. Most attention has
focused on the 1,2-dimethyl-3-hydroxypyridin-4-one derivative (CP20, Deferriprone,
L1) (Figure 1.11). CP20 is a bidentate ligand, therefore, three molecules are required
to form a neutral complex with one atom of Fe(III), compared with the hexadentate
ligands such as DFO, which binds in a 1:1 ratio with Fe(III). Furthermore CP20 forms
a very stable iron complex (log B3=35.7) which has been shown not to catalyse the
formation of hydroxyl radicals (Singh and Hider, 1988) unlike other
hydroxypiridinones which have either a 2:1 or 1:1 coordination with iron and may
catalyse hydroxyl radical formation because of free coordination sites (Kontoghiorghes,
1995)
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CP20 is rapidly absorbed and reaches a peak plasma level at a mean of 45mins
(Matsui ef al., 1991). It is metabolised to a glucuronide and is excreted in the urine as
follows: 1. unchanged, 2. bound to iron, 3. as its glucuronide derivative and, 4. bound
to trace metals such as zinc and aluminium. The efficacy of the drug in heavily iron-
loaded patients, assessed by the amount of the drug excreted in urine bound to iron in
24 hours compared with the amount of a single oral dose, has been estimated to be
approximately 4% (Al-Refaie et al., 1995). This study also showed that the amount of
iron excreted in the urine in heavily iron-loaded thalassaemia major patients after a
single oral dose was significantly related to the time area under the curve for CP20 in
plasma.

The sites from which CP20 chelates iron are as yet not established. Studies in
normal and iron-loaded rats with radioactively labelled CP20 have shown it
concentrates mainly in the liver (Hileti ef al., 1995). Because free CP20 readily enters
cells, it is likely that both parenchymal and reticulo-endothelial cells are sources of
chelated iron. Unlike DFO, CP20 can also chelate iron from transferrin and Al-Refaie et
al., (1995) estimated that up to 20% of iron excreted in the urine after a single oral dose
may be delivered from iron bound to transferrin. It has also been shown that CP20
chelates iron from intact red cells which may be an important source of iron that is
excreted in response to CP20 therapy in thalassaemia intermedia (Shalev ez al., 1995).

Over 300 thalassaemic patients worldwide are on long term CP20 therapy. In
transfused patients with thalassaemia major, 75mg CP20 per Kg body weight induces
urinary iron excretion approximately equivalent to that achieved with 30-40mg of DFO
per Kg sufficient to induce negative iron balance in many patients with thalassaemia
major, as documented by decreasing serum ferritin and by liver biopsies
(Kontoghiorghes, 1987; Olivieri et al., 1990; Brittenham, 1992). Furthermore CP20
has been shown to remove hepatocellular iron via the bile and causes urinary excretion
of the reticuloendothelial system iron in experimental animals (Zevin et al., 1992).
CP20 is especially suitable for patients who cannot tolerate DFO because of
anaphylactic reactions, ophthalmic, auditory, pulmonary and neurological toxicity. As
with long term DFO, CP20 therapy carries the risk of side effects. Indeed because
faecal iron excretion induced by CP20 is much less than that by DFO, the short term
efficacy of CP20 is inferior to that of DFO (Zevin et al., 1992; Collins et al., 1994).

The lipophilicity of the hydroxyp¥ridinones enables them to penetrate numerous
cells where unfortunately they can exert toxic effects. Toxicity studies of CP20 in non-
iron-loaded animals have reported many unwanted reactions including anaemia,
leucopenia, bone marrow and thymic atrophy, growth retardation and embryotoxicity.
In humans, the first reported toxic effect of CP20 was agranulocytosis in a woman with
Blackfan Diamond anaemia (Hoffbrand et al., 1989). Further episodes of
agranulocytosis or of severe neutropenia have occurred in several other patients and
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despite several in vitro studies, the mechanism for the agranulocytosis remains obscure.
The second most important adverse effect is joint toxicity (arthropathy), first described
by Bartlett et al., (1990). The syndrome consists of musculoskeletal stiffness, joint
pains and, in severe cases, joint effusions. Other complications include nausea and zinc
deficiency. Concerns regarding the adverse effects of CP20 on immunologic function
were raised in a case report describing fatal "systemic lupus erythematosus" in a patient
receiving CP20 in India (Mehta et al., 1991) in studies reporting inhibition of human
lymphocyte proliferation by CP20 ir vitro and in studies describing thymic atrophy in
rats (Berkoukas et al., 1993). Indeed results from a recent randomised trial of CP20
and DFO has raised concerns that long-term therapy with CP20 may not provide
adequate control of body iron in a substantial proportion of patients with thalassaemia
major (Olivieri et al., 1995).

Despite the toxicity studies on CP20, it has been licensed for clinical use in
India and currently it seems likely that 60-70% of patients with thalassaemia major and
other transfusion dependent refractory anaemias will be able to take CP20 long term
without unacceptable side effects and with sufficient efficacy to prevent an increase in
iron stores. Although many alternative potentially orally active iron chelators have been
tested in tissue culture, in animal models and in short term clinical trials, none have as
yet proved to be sufficiently safe and effective for their consideration for long term
clinical trials.

1.5.2.3 Clinical consequences of chelator therapy

Iron chelators are a unique family of drugs whose safe action is limited
to the iron-loaded state, promoting the excretion of excess potentially toxic iron. In
normal or iron deficient subjects all iron chelators are toxic. Foremost among such toxic
effects is inhibition of ribonucleotide reductase, an enzyme responsible for the
reduction of ribonucleotides to deoxyribonucleotides, a rate limiting step in DNA
synthesis. The enzyme contains a redox-active iron at its active centre. Its removal by
agents such as DFO and CP20 has been proposed to underlie the anti-proliferative
effects of such agents. DFO has been shown to have anti-proliferative effects in many
cell types including normal (Hoffbrand et al., 1976) and malignant cells (Lederman et
al., 1984). As previously outlined the main toxicities of CP20 at this time are, bone
marrow aplasia and thymic atrophy in animals (Porter et al., 1991) and neutropenia,
agranulocytosis and liver enzyme abnormalities in humans. Although the mechanism of
neutropenia is unknown, in some cases it is clearly an immune reaction to CP20, as
illustrated by the simultaneous development of agranulocytosis, systemic vasculitis,
alterations in humoral and cell-mediated immune function and the presence of
circulating immune complexes (Castriota-Scandenberg & Sacco, 1997). Despite several

in vitro studies the mechanism for agranulocytosis remains obscure (Al-Refaie ef al.,
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1994, Cunningham et al., 1994). Like DFO, CP20 also inhibits DNA synthesis by
chelating iron from ribonucleotide reductase (Hoyes et al., 1992) and this may well be a
cause of agranulocytosis. It has been shown that CP20 causes anaemia, with increased
corpuscular volume and leucopenia in normal and iron-loaded mice and rats (Porter et
al., 1991). It is unclear whether these effects occur by a similar mechanism to the
idiosyncratic neutropenia or agranulocytosis in humans.

Porter et al., (1994) and Hileti et al., (1995) suggested that the clinical
consequences of both DFO and CP20 may be explained by the phenomenon of
apoptosis and showed that the chelators, DFO and CP20 promoted apoptosis in murine
thymocytes and human leukaemic cells.

1.6 Apoptosis

Apoptosis is a mode of cell death in which single cells are deleted in the midst
of living tissue. The term derives from a Greek word used for the dropping off of
leaves from trees. It is characterised by structural changes that appear with great fidelity
in cells of widely different lineage and presumably represent a pleiotropic effector
response (Kerr, 1972; Arends, 1991). Apoptosis is the descriptive name given to the
process of programmed cell death and is essential for the appropriate development and
function of multicellular organisms. Unnecessary, damaged and potentially harmful
cells must be deleted from surrounding healthy cells to ensure structural and functional
tissue homeostasis. In adult tissues, cell death figures prominently within tissues such
as the endometrium, prostate, adrenal and mammary glands, it is also fundamental to
the development, regulation and function of the immune system. This includes the
elimination of self-reactive thymocytes, negative selection of B and T lymphocytes and
cell killing effected by cytotoxic T lymphocytes.

Apoptosis is an evolutionarily conserved, innate process by which cells
systematically inactivate, disemble and degrade their own structural and functional
components to complete their own demise and death. It can be activated intracellularly
through a genetically defined developmental program or extracellularly by cytokines,
hormones, xenobiotic compounds, radiation, oxidative stress and hypoxia. The ability
of a cell to undergo apoptosis in response to a death signal is related to its proliferative
status, cell cycle position, and the controlled expression of genes that promote, inhibit,
and affect the death program. Stringent regulation of these death modulating parameters
must be maintained to ensure that apoptosis occurs in the proper physiological context
(Webb et al., 1997).
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1.6.1 Morphological characteristics of apoptosis

Apoptosis characteristically affects scattered single cells, not groups of
adjoining cells. The process can be divided into three distinct stages: 1. Commitment,
in which the cell having received a potentially fatal stimulus becomes irreversibly
committed to death. 2. Execution, during which the major structural and biochemical
changes occur and 3. Degradation, when the cellular remnants are cleared away by
phagocytes. The earliest morphological changes are compaction and segregation of the
nuclear chromatin, with the formation of delineated granular masses that become
marginated against the nuclear envelope, and condensation of the cytoplasm. Molecular
characterisation of the chromatin reveals an ordered degradation of the DNA by a
cation-dependent nuclease (Wyllie ef al., 1980), first to large fragments of 30-50
kilobases (Oberhammer et al., 1993) and finally into nucleosomal fragments of 180-
200 base pairs (Wyllie, 1980). Although many studies of cell death have suggested that
the morphological changes associated with apoptosis occur as a result of DNA
laddering, others have shown that morphological cell death can occur in the complete
absence of internucleosomal fragmentation (Cohen et al., 1992; Oberhammer et al.,
1992). Therefore the precise role of DNA fragmentation in apoptosis remains
controversial.

The progression of the DNA condensation is accompanied by a convolution of
the nuclear and cell outlines. The structural integrity of the plasma membrane is further
compromised by a loss of the phospholipid asymmetry, micovilli and cell-cell
junctions. The cell rounds up, dissociates from its neighbours, shrinks dramatically and
produces buds of membrane-bounded 'apoptotic bodies'. Apoptotic bodies are quickly
ingested by neighbouring cells and are degraded by their lysosomes.

The apoptotic process is extremely rapid, typically occurring after the initiating
stmulus between a few minutes and a few hours and the apoptotic debris is cleared with
similar rapidity (Kerr, 1972).

1.6.2 Biochemical characteristics of apoptosis

Distinct biochemical changes are known to occur during apoptosis. One of the
most prominent alterations is the fragmentation of the DNA into 180-200bp oligomers,
resulting in what is known as a 'DNA ladder'. However observations by several
investigators suggest that large DNA fragments (30-50 and 200-300kb) and even single
strand cleavage events occur during apoptosis (Cohen et al., 1994; Solis-Recendez et
al., 1995). Large fragments have been reported to occur both in the presence and
absence of oligonucleosomal fragments (Oberhammer et al., 1993). The large
fragments may not be precursors of the oligonucleosomal fragments as both types of
fragments can be produced, apparently independently, under some conditions (Bortner
et al., 1995). The characteristic fragments of apoptosis were originally thought to be
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produced by double strand cleavages as a result of frequent nicks on both strands of
DNA in the internucleosomal regions (Peitsch et al., 1993). Recent evidence however
has shown that these breaks are more specific, producing double stranded DNA
fragments that are either blunt ended or have 3' single base overhangs with ligatable 5'
ends.

The endonuclease responsible for DNA cleavage during apoptosis has eluded
identification, but several candidates have been proposed Each nuclease has unique
properties differing in tissue distribution, ionic dependency and pH optimum (Cotter,
1995).

1. DNase (I): which requires Ca2* and Mg2+ and is inhibited by zinc. Antibodies
against DNasel and specific inhibition of DNase 1 reduce the internucleosomal DNA
cleavage activity characteristic of apoptosis in thymocyte extracts.

2. DNase (II): This nuclease can cause the characteristic internucleosomal DNA
fragmentation pattern of apoptosis in isolated CHO cells. It has an optimum pH of 5.5
and can function independently of divalent cations. The predominant subcellular
location of DNase (II) is in acidic lysosomes, therefore given the low pH at which this
enzyme functions and its subcellular locale it does not seem like a good candidate.

3. NUC 18: This apoptotic enzyme is dependent on Ca2+ and Mg2+, is also inhibited
by zinc and has a nuclear localisation.

4. CAD: Recently Enari et al., (1998) have identified a factor that can cleave chromatin
at internucleosomal sites. The nuclease is expressed in many cell types, usually in the
cytoplasm in an inactive, latent form. The group found that it can be activated by
Caspase-3 digestion, earning it the name, Caspase-activated DNase (CAD).

Evidence is accumulating that cytoplasmic structures such as mitochondria
participate in the critical effector stage of apoptosis (Kroemer et al., 1995; Mignotte and
Vayssiere, 1998), with investigators suggesting that mitochondria contribute to
apoptosis signalling via the production of reactive oxygen species (ROS). The addition
of ROS or the depletion of endogenous antioxidants can promote apoptosis (Ratan et
al., 1994; Sato et al., 1995; Guenal et al., 1997). Furthermore, increases in intracellular
ROS are sometimes associated with programmed cell death (PCD) (Martin and Cotter,
1991). However, the nature of ROS in apoptosis is a conflicting question and it has
been difficult to ascertain that the observed accumulation of ROS corresponds to a
causal effect and is not simply one of the side effects involved in the kKilling process.

Several changes in mitochondrial biogenesis and function are however
associated with the commitment to apoptosis. A fall in mitochondrial membrane
potential (AWm) was shown to occur before the nuclear changes of fragmentation of

the oligonucleosomal fragments (Vayssiere et al., 1994; Zamzami et al., 1995). The
AW is the result of the asymmetric distribution of charges between the inner and outer
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mitochondrial membranes. Thus, an ion-impermeable membrane and the function of the
respiratory enzyme complexes that pump protons out of the matrix space are required
for the generation and maintenance of an intact AWp,. The AWy, is necessary for the

establishment of an electrochemical proton gradient and, consequently, for
mitochondrial ATP synthesis. Reduction of AW correlates with a decrease in
mitochondrial gene translation, loss of mitochondrial gene transcription and an
uncoupling of the respiratory chain from oxidative phosphorylation (Wolvetang et al.,
1994). A reduction in AWy, and associated apoptosis occurs in many cell types, such
as lymphocytes exposed to glucocorticoids, activation of peripheral T cells, T
hybridomas and pre-B cells (Zamzami et al., 1995), in neurons deprived of nerve
growth factor (NGF) and during apoptosis of U937 and HeLa cells induced by TNF-
o.

Another biochemical event known to occur during apoptosis is cytoplasmic
acidification. Cytoplasmic acidification is believed to be essential for apoptosis by
activating pH dependent enzymes (Meisenholder et al., 1996). Concomitant with this
are changes occurring to the plasma membrane. Phosphatidylserine (PS), which is
normally restricted to the inner layer of the bilayer, becomes externalised in cells
committed to apoptosis (Fadok et al., 1992). This exposure allows the early recognition
and phagocytosis of apoptotic cells. Although PS is currently the only known
qualitative difference between the plasma membranes of apoptotic and viable cells
(Martin et al., 1995, Koopman et al., 1994), several studies have shown that
macrophages use other ways of recognising dying cells. Activated macrophages use a
lectin-like receptor to recognise apoptotic cells, whereas resting macrophages use an
integrin vitronectin receptor (Schlegel et al., 1996).

1.6.3 Apoptosis vs Necrosis

Until the elucidation of apoptosis, necrosis was the classically defined form of
cell death. A cell exposed to a stress, will either survive, undergo apoptosis or
necrosis, the choice depends on the level of stress. Necrosis as a form of cell death is
however completely distinct from apoptosis (Wyllie et al., 1980) (Figure 1.12).

Necrosis results from either direct damage to the plasma membrane by agents
such as complement or by interference with energy dependent ion pumps. The result of
this is an intake of water and the cell swells, which is in contrast to the cell shrinkage

seen in apoptotic cells. Other characteristics of necrosis are:

1. Increase in mitochondria density as the outer membrane swells.
2. Flocculation of nuclear chromatin

3. Decrease in protein synthesis

4. Cytoskeletal disruption and the release of lysosomal enzymes
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5. Random DNA fragmentation
6. A fall in pH

Throughout the process of necrosis the nuclear membrane remains intact.
However, the cellular contents are released into the extracellular space and can invoke
an inflammatory response (Wyllie et al., 1980). Finally it is known that apoptosis is
genetically regulated, which is the pivotal difference between the two modes of death.

1.6.4 Apoptosis and disease

In multicellular organisms, homeostasis is maintained through a balance
between cell proliferation and cell death. In most tissues, cell survival appears to
depend on the constant supply of survival signals by neighbouring cells and the
extracellular matrix. Evidence suggests that the failure of cells to undergo apoptosis
may contribute to the pathogenesis of a variety of human diseases, including cancer,
autoimmune disease and viral infections as outlined below in Table 1.4 (Thompson,
1995). However a wide number of diseases characterised by cell loss, such as
neurodegenerative disorders, AIDS (acquired immunodeficiency syndrome) and

osteoporosis, may result from accelerated rates of apoptosis.

Diseases associated with the Diseases associated with
inhibition of apoptosis increased apoptosis
1. Cancer: 1. AIDS
Follicular lymphomas 2. Neurodegenerative
Carcinomas with p53 mutations Disorders:
Breast/Prostate/Ovarian cancer Alzheimers disease
2. Autoimmune disorders: Parkinsons disease
Systemic lupus erythematosus Retinitis pigmentosa
Immune-mediated glomerulonephritis Cerebellar degeneration
3. Viral infections: 3. Ischaemic injury
Herpesvirus Heart Attack
Poxvirus Stroke
Adenovirus Reperfusion injury

Table 1.4: Disorders associated with apoptosis
Adapted from Thompson, 1995

A number of effective methods that induce target cells to undergo apoptosis
already exist. Both chemotherapeutic agents and radiation induce tumour cell death by
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causing damage that induces the cell to commit suicide (Fischer, 1994). Conversely,
treatments that increase a cell's resistance to undergo apoptosis may be of benefit even
in the absence of specific alterations in the genes involved in cell death regulation.
Current evidence suggests that the susceptibility of cells to undergo apoptosis is
regulated continuously. Thus, treatments that can increase the apoptotic thresholds of
specific cells may be beneficial in the disorders associated with cell loss. Examples of
this include the use of growth factors to promote haematopoietic cell recovery after
cancer chemotherapy and treatments with antioxidants to prevent the death of CD4+ T
cells in response to HIV infection. Several observations suggest that the central
mediators of apoptosis may still be pharmacologically manipulated in a cell-specific
fashion, for this to occur an understanding of the genetics of apoptosis is required.

1.7 MOLECULAR BIOLOGY OF APOPTOSIS

1.7.1 Role of Caenorhabditis elegans

The nematode caenorhabditis elegans (C.€legans) is a very powerful model
system to study the mechanisms of apoptosis. The embryonic development of
C.€@legans is reproducible and has been precisely mapped. 1090 somatic cells are
eventually formed in the adult hermaphrodite and of these 131 undergo programmed
cell death (Ellis et al., 1991). This developmentally programmed cell death shows
several areas of similarity with apoptosis in mammalian cells. Mutant nematodes have
been identified with defects in different parts of the cell death process and this has
allowed a genetic pathway of cell death to be produced (Miura et al., 1996; Yuan,
1996).

The genes involved can be divided into several groups: genes involved in
triggering cell death; those involved in the cell death process itself, those required for
engulfment and finally those involved in the disposal of the cell corpse. These genes are
known as Ced genes (cell death genes). Three genes have been shown to affect the
execution of cell death, Ced-3, Ced-4 and Ced-9. The activity of two of these genes,
Ced-3 and Ced-4 is required in cells for death to occur. The third gene, Ced-9 is
required to protect cells that should survive from undergoing apoptosis, this gene
encodes a protein that is homologous to the Bcl-2 family of cell death regulators (Webb
et al., 1997) (Figure 1.13).

An important advance came with the discovery that the death effector, Ced-3
had significant homology with the mammalian protease interleukin-1f converting
enzyme (ICE) (Yuan et al., 1993). ICE is involved in the proteolytic cleavage of the
inactive 31 kDa IL-1f precursor at Asp!19/Alall7 to release the 17.5 kDa mature form

of the active cytokine. Originally isolated from monocytes, its unique function was
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emphasised by the fact that its genetic sequence did not resemble that of any other
known protease (Thornberry et al., 1992; Cerretti et al., 1992).

Recently, a series of biochemical studies have provided a clearer understanding
of the molecular interactions of the components of the cell death apparatus. Using yeast
two-hybrid analysis of ectopic expression in mammalian cells , several groups have
demonstrated that Ced-4 can bind to Ced-9 (and human Bcl-xL), Ced-3, or both
simultaneously (Chinnaiyan et al., 1997; Spector et al., 1997; Wu et al., 1997 and
Cryns et al., 1998). These interactions are functionally important for cell death
signalling, for instance, Ced-9 or human Bcl-xLL mutants that are defective in their
ability to inhibit cell death do not bind to Ced-4. In addition Ced-4 binding to Ced-3 is
mediated by a conserved amino acid terminal protein interaction module, the so called
Caspase recruitment domain (CARD) (Irmler et al., 1997; Zou et al., 1997). Ced-4
binding to Ced-3 via this domain in the presence of ATP promotes the autoproteolytic
activation of Ced-3 and its ability to induce apoptosis (Seshagiri and Miller, 1997).
Importantly, Ced-9 blocks the ability of Ced-4 to activate the Ced-3 Kkiller protease,
thereby preventing cell death. Ced-9 may also act downstream of Ced-3 as a
pseudosubstrate inhibitor of this protease (Xue and Horvitz, 1997; Cryns et al., 1998).

1.7.2 Role of proteases in apoptosis

In mammals there are currently 11 different homologues of Ced-3 identified.
These 11 different cysteine proteases with aspartate specificity are now called caspases
for Cytosolic Aspartate-Specific cysteine Proteases.(Table 1.5) (Alnemri et al.,
1996; Wang et al., 1998). The Ced-3/ICE-like proteases/Caspases share the following
structural and functional characteristics: 1. They all induce apoptosis when
overexpressed; 2. they are all synthesized as proenzymes (Figure 1.14) and require
proteolytic processing to form the active enzyme, 3. they share the same conserved
active site consisting of the pentapeptide sequence QACRG and 4. they all cleave their
substrates after an aspartate residue.

In addition to their divergent substrate specificities, caspases differ in the length
and sequence of their amino terminal domains, caspases -1,-2,-4,-5,-8,-9 and-10 all
have long prodomains, whereas caspases -3, -6, -7 and-11 have short prodomains.
Two distinct protein-protein interaction modules have been identified in the long
prodomains. The first has been called the death effector domain (DED), two copies of
which are present in caspases -8 and -10 (Boldin ez al., 1996; Vincenz and Dixit,
1997). This domain targets caspases -8 and -10 to ligand activated cell death receptors
such as Fas/APO-1/CD95 via specific protein interactions with a DED module in the
adapter protein FADD/MORT1 (Boldin et al., 1995; Chinnaiyan et al., 1995). In
contrast the prodomains of caspases -1, -2, -4 and -9 all contain a caspase recruitment
domain, CARD, which as detailed earlier can also be found in Ced-4 (and its
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mammalian homologue Apaf-1) and the death adapter protein RAIDD/CRADD (Duan
and Dixit, 1997; Zou et al., 1997). This domain was subsequently shown to mediate
the interaction between Apaf-1 and pro-caspase 9, a necessary event leading to caspase
9 and subsequently caspase-3 activation. Therefore the presence of a family of these
structurally related caspases in cells raises questions in relation to their roles in cell
death eg. 1. Are all caspases required for cell death or are some members more
important than others? 2. Do all modes of death utilise the same caspases? 3. Are
different caspases activated in series or in parallel? 4. Are all caspases tissue specific?

It is evident from studies such as those with caspase-1 and caspase-3 knockout
mice that not all caspases are required for cell death. Caspase-3 deficient mice are
smaller than their littermates and die at 1-3 weeks of age and thymocytes from caspase-
3 deficient mice show a similar sensitivity to apoptosis as normal thymocytes induced
to die by a number of different stimuli including dexamethasone. Brain development in
these deficient mice is however markedly affected with a variety of hypoplasias being
observed from embryonic day 12 (Kuida et al., 1996; Cohen, 1997).

Asp

4

APOPTOSIS

Figure 1.14: The caspase cascade
The proenzyme is activated by cleavage at specific Asp residues (1), which allows the
subunits to re-order as an active heterodimer (2). The heterodimer can activate other

pro-enzymes (3), which results in a caspase cascade leading to cell death (4).
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Figure 1.14, illustrates how the ICE-like proteases (caspases) function in
apoptosis. The caspases are synthesized as pro-enzymes, which are cleaved at an Asp
residue to produce a small and a large subunit that associate as heterodimers. This
active form of the enzyme has the ability to cleave and activate other pro-caspases,
producing a protease cascade that results in the death of a cell.

As suggested earlier overexpression of ICE or Ced-3 in mammalian cells
induces apoptosis which suggests that ICE, or a related protease, is a component of the
cell death pathway. Unlike Ced-3 in the nematode, ICE is not necessary for all the
apoptotic events in mammalian cells. Indeed it was shown that mice with the null
genotype for ICE develop normally, suggesting that ICE is not required for cell death in
the developing mouse embryo and that other proteins with similar activities must exist
(Kuida et al., 1995; Li et al., 1995).

1.7.3 Substrates cleaved by caspases during apoptosis

Several proteins important in many of the cellular processes affecting the cell
such as DNA repair, cytoskeletal integrity and cell signalling have been shown to be
proteolytically cleaved during apoptosis, many are substrates of the caspase family of
proteases. These proteins include, poly ADP-ribose polymerase (PARP), DNA-PK,
the cytoskeletal proteins, lamins A, B and C, fodrin, gas2 and actin; the cell signalling
molecules, PKC and the U1 small nuclear ribonucleoprotein particle polypeptide U1l-
70. Some caspases have overlapping specificities for substrates (caspase-3 and
caspase-7 can both cleave PARP) whereas other caspases may have a unique substrate
specificity (caspase-6 is the only known caspase to cleave lamins).

PARP, a key enzyme in DNA repair and in the supervision of genome structure
and integrity in stressed cells (Nicholson et al., 1995) is one of the best characterised
substrate of caspases, being cleaved in the execution phase of apoptosis in many
systems, including, thymocytes and HL-60 cells. Intact PARP is a 116 kDa protein
which is cleaved to 24 kDa and 89 kDa fragments in virtually every form of
programmed cell death examined. The cleavage of PARP is an early event of apoptosis
and the loss of its function coincides with endonuclease activation. PARP is cleaved at
the sequence DEVD*G by a protease resembling ICE, but not ICE itself (Lazebnik et
al., 1994). The protease which cleaves PARP was independently identified by three
research groups (Fernandes-Alnemri et al. 1994; Tewari et al., 1995; Nicholson et al.,
1995) and has been designated caspase-3. Although the cleavage of PARP is a valuable
indicator of apoptosis, its relevance is unclear, since PARP-null mice develop normally
(Leist et al., 1997).

The proteolysis of lamins, the major structural proteins of the nuclear envelope,
is observed in many cells undergoing apoptosis and may be responsible for the nuclear



changes that occur, since inhibitors of lamin cleavage prevent some of these changes
(Lazebnik et al., 1995; Neamati et al., 1995). Caspase-6 cleaves lamin A at a conserved
VEID*N sequence.

The activity of the Ul small nuclear ribonucleoprotein particle, which is
essential for the splicing of precursor mRNA, is dependent on both the RNA and
protein components, including U1-70. In several systems including CD95, Fas-
induced apoptosis, U1-70 is cleaved early in the apoptotic process to a 40kDa fragment
(Casciola-Rosen et al., 1996, Tewari et al., 1995). Cleavage of Ul-70 separates the
RNA binding domain from the distal arginine-rich region of the molecule which may
have a dominant negative effect on splicing; such inhibition of splicing would block
cellular repair pathways dependent on new mRNA synthesis (Casciola-Rosen et al.,
1996).

As outlined in section 1.6, during the execution phase of apoptosis, a number
of important plasma membrane changes occur resulting in the recognition and
phagocytosis of the apoptotic cell by a phagocyte or a neighbouring cell. Cleavage of
important cytoskeletal proteins including fodrin (Martin et al., 1995; Vanags et al.,
1996; ). a-fodrin, an abundant membrane-associated cytoskeletal protein is rapidly and
specifically cleaved during Fas-induced apoptosis and this appears to be related to
membrane blebbing (Cryns et al., 1996).

1.7.4 Inhibitors of Caspases

Further evidence supporting a critical role for ICE-like proteases in apoptosis is
the ability of specific protease inhibitors, including the cowpox viral serpin CrmA
(Miura et al., 1993, Gadliardini et al., 1994; Tewari et al., 1995) and baculovirus p35
(Clem, 1991), to inhibit apoptosis. Use of synthetic oligopeptide inhibitors designed to
mimic the recognition/cleavage sites of known Ced-3/ICE substrates in cell free
apoptotic assays in vitro has further substantiated the role of the caspases in apoptosis
(Table 1.5).

One of the most common synthetic irreversible inhibitors is Z-VAD-fmk
[benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethyl ketone]. Z-VAD-fmk has been
shown to be a potent cell permeable inhibitor of apoptosis in a number of different
systems, such as thymocytes, Jurkat T-cells and hepatocytes (Jacobson et al., 1996;
Armstrong et al., 1996). Z-VAD-fmk inhibits apoptosis at a very early stage, as shown
by its inhibition of many of the ultrastructural features of apoptosis including PARP
cleavage (Slee et al., 1996; Jacobson et al., 1996). Recently several investigators have
shown that it inhibits the processing of caspases -2, 3, 6, 7 and 8, suggesting that it
inhibits a caspase at or near the apex of the caspase cascade (Macfarlane et al., 1997).



Protease Alternative names Inhibitors

Caspase-1 ICE YVAD, DEVD, p35
IAP, WEHD, crmA

Caspase-2 ICH-1, NEDD-2 IAP, p35

Caspase-3 CPP32, Yama, Apopain DEVD, (crmA??7?)

Caspase-4 ICErel-II, TX, ICH-2 YVAD, DEVD

Caspase-5 ICErel-1II, TY

Caspase-6 Mch2 VEID

Caspase-7 Mch3, ICE-LAP3, CMH-1 DEVD, p35

Caspase-8 FLICE, MACH, Mch5 crmA

Caspase-9 ICE-LAP6, Mch6

Caspase-10 Mch4, FLICE2 DEVD

Caspase-11

Table 1.5: The human caspase family and their inhibitors



1.7.5 A caspase hierarchy

Using a combination of inhibition studies and the fact that the proteases seem to
be processed at aspartate residues, together with their ability to cleave at aspartate
residues suggests that some of the proteases activate themselves or act upon each other
(Figure 1.14) and therefore, it is now possible to begin to map out the pathway of
caspase activation. The main focus has been on caspase-3 which has been shown to
cleave PARP, it appears to be the central mediator in most studies on apoptosis and
directly processes pro-caspases 2, 6, 7 and 9 (Srinivasula et al., 1996), conversely
many caspases have been shown to activate caspase-3, including caspase-1.

Two potentially interacting cascade initiating pathways converge on the
activation of the downstream effector caspases that act to kill the cell by cleaving death
substrates. The first of these pathways is initiated in response to apoptotic stimuli such
as DNA damaging agents that trigger the mitochondrial release of cytochrome c into the
cytoplasm; once in the cytoplasm, cytochrome c interacts with other factors to form a
caspase-3 activating complex (Yang et al., 1997; Cryns et al., 1998). In the second
pathway, caspase proenzymes are recruited to ligand bound death receptors via
homophilic interactions with adapter proteins thereby leading to the proteolytic
activation of these upstream caspases and initiation of the cascade.

A system in which this process of programmed cell death is well understood,
indeed one of the most investigated systems, is that of the CD95 (Fas/Apo-1) receptor
and its relatives. Fas is a type I membrane protein belonging to the tumour necrosis
factor (TNF)/nerve growth factor (NGF) receptor family (Itoh et al., 1991). The Fas
ligand (Fas L) is a member of the TNF family and is a type II protein. The binding of
FasL to the Fas receptor has been shown to induce apoptosis in Fas-bearing cells (Itoh
et al., 1991; Nagata and Goldstein 1995). The Fas receptor and TNF-receptor
1(TNFR1) both contain a conserved cytoplasmic sequence that has been termed the
death domain (DD) (Nagata., 1997). The DD is required for initiating the apoptosis
process inside the cell because a single point mutation in this domain abrogates the
apoptotic signal. Subsequent to the identification of the DD in Fas and TNFR1, several
other proteins containing homologous death domains have been isolated. These
include, Reaper (a drosophilia protein) (White et al., 1994), FADD (Fas-associated
death domain)/ MORT (Mediator of receptor-induced toxicity) (Boldin et al., 1995;
Chinnaiyan et al., 1995), TRADD (TNF-receptor associated death domain) (Hsu et al.,
1995), RAIDD (RIP-associated Ich-1/Ced-3-homologous protein with death
domain)/CRADD (caspase and RIP adapter with death domain) (Duan and Dixit,
1997), MADD (Schievella et al., 1997) and RIP (receptor interacting protein) (Stranger
et al., 1995). Overexpression of any of these proteins in mammalian cells induces
apoptosis.
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Caspases 8 and 10 contain FADD-like death domains, suggesting that they may
be components of a Fas-mediated apoptotic pathway and as such are believed to act at
the top of the apoptotic pathway to activate a protease cascade (Fernandes et al., 1996)
(Figure 1.15). Activation of these initial caspase proteases could subsequently
activate downstream members of the caspase family such as caspase-3, 6 and 7 which
could then cleave proteins observed to be cleaved during apoptosis. Other types of
receptor-mediated activation may involve other caspases such as caspase 10. It has been
proposed that caspase 10 may be involved in many CrmA-insensitive non-receptor
mediated cell death as it is poorly inhibited by CrmA (Srinivasula et al., 1996).
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CHAPTER 2

General Materials and Methods
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2.3 Cell Culture

Materials

* RPMI 1640 containing L-glutamine Gibco BRL, Paisley, UK
* Foetal Calf Serum(FCS) Gibco BRL, Paisley, UK
(heat inactivated for 30mins)

* Penicillin/Streptomycin (Pen/Strep) Gibco BRL, Paisley, UK
* Bovine Serum Albumin (30%) Sigma, Poole, UK

* Ethidium bromide Sigma, Poole, UK

* Fluorescein-di-acetate Sigma, Poole, UK

* Trypan blue Sigma, Poole, UK

2.3.1 Cell Lines

The following established cell lines were used:

HL-60 derived from a patient with acute promyelocytic leukaemia.
Collins et al, 1977

Method

All cell culture studies were performed in sterile plastic tissue culture flasks. All cell
lines were maintained in suspension culture in RPMI 1640 supplemented with 10% FCS
and 2% Pen/Strep in a humidified atmosphere containing 5% CO2 at 37°C and subcloned
twice a week to a density of 0.6-1x105 cells/ml to ensure that exponential growth was
maintained. Cell number was determined manually by microscopic counting using an
improved neubeusevcounting chamber. Cell viability was measured using an ethidium
bromide/fluorescein-di-acetate viability stain.

2.3.2 Cell counting and viability

Cell number was determined manually by microscopic counting using an improved
neubeauer counting chamber.

Cell viability was measured using an ethidium bromide/fluorescein-di-acetate
viability stain. This was prepared by adding 4ml of ethidium bromide (4mg/ml) to 10ml of
fluorescein-di-acetate (0.1% solution) and this solution was made up to 1 litre with PBS.
The solution was stored in the dark at 49C until required.

Viability was assessed by mixing 100 A of cell suspension with 100A4 of ethidium
bromide/fluorescein-di-acetate stain. The percentage of viable cells was counted using a
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fluorescent microscope. A minimum of 500 cells were counted for each sample. Ethidium
bromide selectively enters dead cells which then fluoresces an orange-red colour, whilst,

fluorescein-di-acetate is taken up by viable cells which appears a green colour under UV
light (Mills et al, 1983).

2.3.3 Freezing and thawing of cell lines

For freezing, cells were suspended at 5-10x100 cells/ml in 10% dimethyl
sulphoxide (Sigma, Poole, UK) and 20% FCS in RPMI medium. Aliquots of 1ml were
frozen overnight in cryotubes at -700C and then transferred to liquid nitrogen for storage.
Frozen cells were rapidly thawed in a 370C waterbath and diluted by dropwise addition of
RPMI 1640 medium supplemented with 10% FCS and 2% Pen/Strep to 20ml. Cells were
washed once, resuspended and counted before use.

2.3.4 Cytospin preparations

Single cell suspensions were prepared at 1.0x100 cells/ml and 1004 of cell
suspension was added to each prepared funnel with labelled slides and filter attached. The
centrifuge (Cytospin 2, Shannon) was spun at 700 rpm for 10 minutes. Slides were

removed, air dried and stained with May Grunwald Giemsa staining for 30 minutes
2.3.5 Thymocyte Isolation

Thymocytes were obtained from male Balb-C mice and aged 10-12 weeks, unless
otherwise stated. Following cervical dislocation, the thymus was carefully dissected and
contaminating connective tissue removed. The thymocytes were released from the capsule
by gentle teasing apart the thymus in culture medium (RPMI 1640 medium, supplemented
with 10% FCS and 2% Pen/Strep), debris was removed from the suspension via filtration
through a plastic gauze. The cells were suspended at a concentration of 1.0x106 cells/ml in
culture medium and incubated in Sml polypropelene tubes at 370C in 5% CO2, Cells were
counted using a haemocytometer and viability determined by trypan blue exclusion. Cells
of a >95% purity were used for subsequent experimentation.

2.3.6 Culture of bone marrow cells from murine bone marrow
Male C57bL/J mice aged 10-12 weeks were sacrificed by cervical dislocation. The
femur was isolated and the haemopoietic cells were flushed from the bone cavity with Smls

of RPMI medium supplemented with 10% FCS and 2% Pen/Strep, using a 25G
hypodermic needle. The isolated cells were washed x2 with Smls of the same medium and
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2.4 Measurement of apoptosis

2.4.1 Flow Cytometric quantification of apoptosis

Materials

*Phosphate Buffered Saline (PBS) Gibco BRL, Paisley, UK
*Ethanol Analar, UK

*RNase (Type 1A) Sigma, Poole, UK
*Propidium Iodide (PI) Sigma, Poole, UK
Method

Quantitive comparison of apoptosis was obtained by measuring the proportion of
hypodiploid DNA present in whole cells, (Nicoletti et al, 1992). Cells were centrifuged at
1500 rpm for 10 minutes and the supernatant removed. The centrifuged cell pellet was
fixed in 1ml of cold 70% ethanol at -200C for 30min-24h. The cells were then centrifuged,
washed x2 in 1ml PBS and resuspended in 0.25ml PBS. To a 0.25ml cell suspension,
0.25ml RNase (Img/ml) was added followed by the addition of 0.5ml PI (50pg/ml in
PBS). The mixed cells are incubated in the dark at 4°C until measured.Cells were analysed
using a cytometer cell sorter (EPICS Elite, Coulter Electronics Ltd, Luton, UK). The cells
were illuminated at 488nm and the instrument was set to detect forward, 90°C light
scattering (side scatter) and fluorescence at 575nm. A low level discriminator eliminated the
contribution from very small particles and electrical noise. The results shown represents the
data collected from at least 10,000 cells and nuclei contributing to the sub-diploid
distribution were scored as being apoptotic.

2.4.2 Agarose Gel Electrophorhesis

Materials

Apoptosis Buffer 1ml

10mM EDTA 20l of 500mM EDTA
50mM Tris (pH 8.0) 50 of 1M Tris

0.5% Sodium lauryl sarkinosate 50 0f10% Nalsar
0.5mg/ml Proteinase K (PK) 50 A 0f 10mg/ml PK

830k of DD water
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10x TBE Running buffer(pH 8.3) 1L

Tris 108.9g
Orthoboric acid 55.7¢g
EDTA, Disodium salt 7.4g

Loading Buffer

20mM Tris(pH 8.0) 10ml
Glycerol 10ml
Bromophenol Blue 0.01%
Method

1x100 cells were spun at 2000 rpm for Smins, pelleted cells were resuspended in
20ul of apoptosis buffer (containing 500mM EDTA, IM Tris, 10% Sodium Lauryl
Sarkinosate and 10mg/ml proteinase K) and incubated at 4°C overnight. After incubation at

500C for 1h, RNase (0.5mg/ml) was added. Incubation continued for 1h and the samples
warmed to 70°C. Loading buffer, 10l was then added and the DNA loaded into dry wells

of a 2% agarose gel containing 0.1mg/ml ethidium bromide. The samples were run in 1x
TBE electrophoretic buffer at 100V until the marker dye had migrated approximately 4cm.
DNA laddering was visualised using a UV transilluminator (Smith et al, 1989)

2.5 Measurement of intracellular zinc concentrations
Materials

*Hanks Buffered Salt Solution(HBSS) Gibco BRL, Paisley, UK

*Zinc Sulphate (ZnSO4) Sigma, Poole, UK
*Digitonin Sigma, Poole, UK
*Zinquin AMRAD Corp. Australia
Method

1x100 thymocytes/ml in culture medium (RPMI containing L-glutamine and
supplemented with 10% FCS and 2% Pen/strep) previously treated for 24h with various
concentrations of Zinc-Sulphate (0-200uM) were incubated with zinquin (final
concentration, 25uM) in HBSS for 30 minutes at 37°C. To obtain a spectrophotometric
measurement, the fluorescence of unloaded cells (due to autofluorescence and light

scattering) was subtracted from the readings to derive zinquin dependent fluorescence. In
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2.6 Determination of Haemopoietic subsets

Materials

Control wl
IgG-ECD (Coulter, Luton, UK) 200
PCS/PE/FITC (Coulter, Luton, UK) 400
Tube 1

CD7-PE/CD2-FITC (Couter, Luton, UK) 200
CD19-ECD (Coulter, Luton, UK) 200
CD10-Tricolour (Coulter, Luton, UK) 200
Tube 2

CD33-FITC (Coulter, Luton, UK) 200
CD13-PE (Coulter, Luton, UK)* 200

*CD13-PE stock is diluted 50u! into 150pl PBS. Then 200ul of this diluted antibody is

used to make the cocktail.

Method

CD34+ cells isolated as indicated in section 2.3.7, were cultured in RPMI-1640
medium with 10ng/m! SCF, IL3 and IL6. To investigate the expression of surface
antigens, CD13, CD33 (Myeloid), CD7, CD2, CD10 and CD19 (Lymphoid) and CD34, &
sample containing 1x10° cells/ml was spun at 3000rpm for 3 minutes. After this time, the
supernatant was decanted and the sample resuspended in 500ul PBS (pH 7.4). To 100ul of
sample, Sul of either the control, tube 1 or tube 2 antibody cocktail was added and
incubated for 20 minutes at room temperature. After this time, SOCAL of PBS was added.
Samples were analysed by flow cytometry as indicated in section 2.4.1.

2.7 Statistical Analysis

In this thesis the Student T test has been employed to statistically analys2 the data.
The T test is used for small samples and assumes that the populations are normal
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CHAPTER 3

Apoptotic Induction in Various Cell Types by Iron
Chelators
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3.1 Introduction.

In Section 1.5 of Chapter 1, it was stated that hydroxypyridinone iron
chelators and in particular 1,2-dimethyl-3-hydroxypyridin-4-one (CP20, deferiprone or
L1) have been observed to induce bone marrow hypoplasia and thymic atrophy in
laboratory animals (Porter et al., 1991; Hoyes et al., 1993) and agranulocytosis in a
variable proportion of humans receiving CP20 for the treatment of transfusional iron
overload (Al-Refaie er al., 1995). These effects have not been generally observed with
the iron chelator in most common clinical use, desferrioxamine (DFO), either in
laboratory animals or in iron overloaded humans. Porter et al., (1994); Fukuchi et al.,
(1994) and Hileti et al., (1995) suggested that these effects of could be explained by the
process of apoptotic induction by iron chelators in both thymocytes and HL60 cells.
Apoptotic induction by iron chelators has also recently been described in a variety of cell
lines including the human leukaemic CCRF-CRM cell line (Haq et al., 1995) and the
mouse B-cell lymphoma cell line 38C13 (Kovar et al., 1997).

In this chapter, the susceptibility of thymocytes and bone marrow progenitors to
apoptotic induction by both the hydroxypyridinone chelator, CP20 and Desferrioxamine
(DFO) has been studied. This was in order to determine to what extent apoptotic
induction by chelators is a unique feature of hydroxypyridinones as opposed to a general
feature of iron chelators.

Thymocytes were chosen because of the previously reported thymic atrophy with
hydroxypyridinones (Porter et al., 1993, 1994). Purified human haemopoietic CD34+
cells were chosen because the bone marrow is an important potential target organ for
CP20 and because these cells provide a convenient model to study the effects of iron
chelators on haemopoietic cells of the myeloid lineage as they mature under culture
conditions in vitro. Previous work by Hoyes et al., (1993) showed that the iron
chelators CP20 and DFO have potent anti-proliferative effects in vitro on haemopoietic
colony formation but the mechanism involved and stage(s) of cellular differentiation at
which CP20 exerts its effect remain unclear.

Apoptosis could in principle be a consequence of the anti-proliferative actions of
iron chelators as it plays a key role in the homeostatic control of many haemopoietic cell
types. Recently, it has become apparent that apoptosis is just as fundamental to
maintaining cellular balance in terms of tissue development and control of cell numbers
as cell proliferation. Cells inherently die unless continuously signalled not to do so and
the immune system and the control of haemopoiesis offer many examples of this theory
in practice (Allen et al., 1993). For example, the myeloid leukaemic cell line HL60
undergoes apoptosis after in vitro differentiation following exposure to retinoic acid
(Martin et al., 1990) and peripheral blood neutrophils and eosinophils undergo
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apoptosis when maintained for prolonged periods of time in culture (Cotter et al., 1994).
At the time of isolation CD34% cells are predominantly quiescent (Pardee, 1989; Burke
etal., 1992; Lemoli et al., 1997; Williams et al., 1997) but during in vitro culture in the
presence of appropriate growth factors they subsequently proliferate and differentiate
into mature myeloid types, thereby allowing a systematic examination between the
effects of cell proliferation, differentiation and apoptosis.

3.2 Apoptotic induction by iron chelators in thymocytes

3.2.1 Rationale

Apoptosis is well known to play a central role in the development and clonal
deletion of thymocytes. Extensive cell death occurs during thymocyte maturation, when
up to 90% of immature T cells are deleted by apoptosis during the processes of positive
and negative selection that shape the lymphocyte compartment (King and Ashwell,
1993). Several years ago it was recognised that thymocytes which recognise self antigen
with a high affinity may mature into autoreactive lymphocytes and therefore must be
deleted (clonal deletion), this is negative selection (White et al., 1989). More recently,
clonal deletion has been shown to arise through the specific induction of apoptosis
(Murphy et al., 1990; MacDonald et al., 1990) Thymocytes undergo a stringent
selectivity process and only those cells which recognise self antigen with a relatively low
affinity are allowed to mature into cells expressing both CD4%+ and CD8% (positive
selection). Numerous signals can trigger apoptosis in thymocytes and several of these
have been well characterised such as the response to glucocorticoids and low dose
gamma irradiation (Sellins and Cohen, 1987; Ishii et al., 1997; Stefanelli et al., 1997).

Following the observation that hydroxypyridinones induced thymic atrophy in
rats given repeat doses in vivo (Porter et al., 1993), it was further found that iron
chelators can also promote the induction of apoptosis in thymocytes in vitro (Porter et
al., 1993, 1994; Maclean et al. 1995, 1996, 1997). In this chapter results are presented
on studies investigating the kinetics of apoptotic induction in thymocytes by the iron
chelators, CP20 and DFO in order to determine whether differences in the rates of
thymocyte apoptosis in vitro could explain the apparent lack of thymic atrophy with in
vivo use of DFO.

3.2.2 General Experimental procedures

Murine thymocytes were dissected from the thymuses of male Balb-C mice aged
10-12 weeks and cultured as indicated in Section 2.3.5. The cells were resuspended
at a concentration of 1x100 cells/ml in RPMI medium containing L-glutamine,
supplemented with 10% FCS and 2% Pen/Strep. The iron chelators CP20 and DFO
were used at a concentration of 300uM IBE/ml unless otherwise stated (see section
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2.2) and dissolved in phosphate buffered saline (PBS). In each experiment, an
equivalent volume of PBS was used as a negative control and, for experiments using
murine thymocytes, the glucocorticoid Dexamethasone (DEX) (10'7M) was used as a
positive control of apoptosis.

Apoptosis in thymocytes was demonstrated using four techniques; light
microscopy, agarose gel electrophoresis, quantitation of the hypodiploid DNA peak by
flow cytometry, and immuno-analysis of the weak staining CD4+CDS8* apoptotic
population by flow cytometry.

Results

3.2.3 Demonstration of apoptotic features by light microscopy.

The morphology of thymocytes was assessed for the presence of apoptotic cells
using light microscopic examination of May Grunwald-Giemsa cytospin preparations
(section 2.3.4). Morphological observations of thymocytes, fresh or treated for 24h
with CP20, 300uM IBE wusing light microscopy revealed the characteristic
morphological changes associated with apoptosis after 24h incubation with CP20.

Freshly dissected thymocytes appeared as small round cells with a high nuclear
to cytoplasmic ratio, the nuclear chromatin was dense and homogeneous and they were
non-granular (Figure 3.1a). However after 24h incubation with either PBS or the iron
chelator, CP20 the morphology of the cells changed significantly (Figure 3.1b), with
marked condensation of their chromatin, nucleolar disintegration and a shrinkage in cell
volume with concomitant increase in cell density compared to control freshly isolated
thymocytes. These changes were consistent with those previously described for
thymocytes undergoing apoptosis (Wyllie et al., 1980; Arends et al., 1991).

Time-lapse videomicroscopy permits observation of the onset and execution of
individual apoptotic events within a cell culture. As previously discussed, the onset of
apoptosis is characterised by the sudden initiation of surface blebbing, together with
cytoplasmic fragmentation and exfoliation. Evan et al., (1992) showed that in
fibroblastic cells, the onset of blebbing is rapid and is quickly followed by nuclear
condensation, collapse and total cell fragmentation, a process that was shown to take
between 30-60 min (Evan et al., 1992; McCarthy et al., 1997). Indeed Cohen et al.,
(1984) showed that apoptosis begins to be detectable by light microscopy within one or

two hours of in vitro incubation with dexamethasone.

3.2.4 DNA fragmentation by agarose gel electrophoresis

Agarose gel electrophoresis has been widely used to visualise the DNA
fragmentation characteristic of apoptosis in a variety of cells including thymocytes
(Smith et al., 1989; Sun et al., 1992; Cohen et al., 1994; Bortner et al., 1995). The
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details of the methodology used are described in section 2.4.2. Briefly thymocytes
treated for 24h with either PBS, CP20 and DFO (300uM IBE) or DEX at 370C/5%CO2
were centrifuged and resuspended overnight at 4°9C in 20ul apoptotic buffer [SO0mM
EDTA, IM Tris, 10% sodium lauryl sarkinosate (NaLSar) and 10mg/ml proteinase K].
Samples were then incubated at S0OC for 1h, after which RNase, 0.5mg/ml, was added
and incubation continued for a further 1h at 50°C. Samples were warmed to 70°C and
10ul loading buffer added (10ml of 20mM Tris, pH 8.0, 10ml glycerol and 0.01%
BPB) for 30 minutes. Samples were loaded into dry wells of a 2% agarose gel
containing 0.1mg/ml ethidium bromide. Samples were electrophoresed in a 1x TBE
electrophoretic buffer at 100V for 45min and the DNA visualised on a UV
transilluminator.

The DNA fragmentation characteristic of the internucleosomal cleavage seen with
apoptosis and resulting in DNA laddering on agarose gel electrophoresis is shown in
Figure 3.2 for thymocytes incubated for 24h at 370C with DFO or CP20. DNA from
freshly isolated thymocytes showed little or no DNA laddering (Lane 2), but following
24h incubation at 37°C in culture medium significant DNA laddering was seen (Lane 3).
This laddering was also present in CP20 treated cells (Lane 4) and DFO treated cells
(Lane 6). DNA laddering with Dexamethasone at 24h (Lane 7) was used as a positive
control.

The pattern of DNA laddering with dexamethasone was similar to that previously
reported in thymocytes (Bortner et al., 1995) and did not differ qualitatively from the
pattern observed with the iron chelators DFO or CP20 after 24h. Furthermore, previous
work from our group showed that the iron chelators and dexamethasone could
demonstrate DNA laddering as early as 6h incubation (Lynagh et al.,1994) Recently,
however several research groups have detected large DNA fragments of 50-300kb
during apoptosis. Brown et al., (1993) and Cohen et al., (1994) both showed that rat
thymocytes induced to wundergo apoptosis by treatment with dexamethasone
demonstrated not only internucleosomal DNA cleavage, as seen in Figure 3.2, but also
the presence of large DNA fragments. Cohen et al., (1994) showed that after lh
incubation of thymocytes with DEX, large DNA fragments before the appearance of
DNA laddering, which occurred after 4h incubation could be detected. These results
suggested that the formation of large fragments of DNA preceded endonuclease cleavage
of DNA into nucleosomal fragments.

The problem with microscopy and agarose gel electrophoresis as methods of
detecting apoptosis is that the results are qualitative and not quantitative.

3.2.5 Quantitative analysis of DNA fragmentation using flow cytometry

In order to obtain quantitative comparisons of the rate and concentration
dependence of apoptosis induced by iron chelators, flow cytometric analysis of the
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hypodiploid peak of DNA obtained from thymocyte nuclei was used. This is an
established method for quantification of thymocyte apoptosis (Nicoletti et al., 1992; Sun
et al., 1992). To quantify the amount of apoptosis a treated cell suspension of 1x100
cells/ml was centrifuged and resuspended in 70% ethanol at -20°C until required
(minimum 30min incubation). Before analysis the cells were then washed 3x in PBS and
resuspended in 0.25ml PBS, 0.25ml RNase (Img/ml) and 0.5ml PI (50ug/ml). Cells
were mixed and incubated overnight at 40C. Cells were analysed using a cytometer cell
sorter (EPICS Elite) (section 2.4.1). 10,000 cells were collected for analysis and
those contributing to the sub-diploid distribution were scored as being apoptotic (see
section 2.4.1).

Figure 3.3 shows the flow cytometric profiles obtained from fresh thymocytes
or thymocytes treated for 24h with either the negative and positive controls, PBS or
DEX (10‘7M) respectively, or the iron chelator, CP20 (300uM IBE). The profiles
represents the DNA content of cells with apoptosis were scored as sub-diploid. When
murine thymocytes were incubated with either PBS, CP20, DFO, 300uM IBE or DEX
(10-7M), the percentage of cells demonstrating apoptosis, as represented by the sub-
diploid distribution, was significantly increased in CP20-treated cells (59.8+4.5%) at
24h compared to control PBS treated cells (34.914.1%), p<0.001. There was a small
but significant increase in apoptosis in DFO-treated cells at this time compared to control
(44.245.5%), p<0.05, and dexamethasone treated cells also showed an increase in
apoptosis (70.9+3.2%), p<0.001 (Figure 3.4).

Viability loss was quantified using fluorescein di-acetate and ethidium bromide
staining as indicated in section 2.3.2. In CP20- and DFO-treated cells, the percentage
of non-viable cells after 24h incubation was 30.1+5.2% and 31.5+3.2% respectively
compared to PBS, 21.4+2.4%. Hence apoptotic induction could be detected in chelator-

treated cells before loss of viability could be detected.

3.2.6 Identification of apoptosis by immunoanalysis of CD4+8+
thymocytes

Apoptosis is the mechanism by which both autoreactive and unselected immature
CD4'8" thymocytes are eliminated in the thymus. Using flow cytometric analysis to
detect changes in the level of surface expression of CD4 and CD8 molecules of
thymocyte cultures in suspension it was possible to identify apoptosis of CD4"8".

For detection of apoptosis of immature CD4+8% thymocytes, the rat monoclonal
antibodies, FITC-anti-CD8*% and PE-anti-CD4% (Sigma, Poole, UK) were used at
optimal concentrations (1:4 of stock solution) determined by antibody titration and
staining, and washing of cells was done in cold PBS (4°C) containing 5% FCS. For
staining, 1x106 murine thymocytes from 10-12 week old male Balb-C mice in RPMI
culture medium containing L-glutamine, supplemented with 10% FCS and 2%





















































































































































































































































































































































































































































































































































































































