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ABSTRACT

Antibodies and antibody fragments are widely used as reagents for a variety of 
detection systems (e.g. ELISA, Western blotting, in situ hybridization, receptor 
binding and cell bioassays) but there is also a growing use for these molecules 
as drug discovery leads or indeed as therapeutic compounds. Two different 
approaches to the preparation of antibodies and antibody fragments were 
performed and the use of one of them in an assay was investigated.
Desferal is an iron chelating compound (Novartis Pharmaceuticals) used to treat 
transfusion dependent anaemias. Although this is a marketed compound it 
would greatly benefit from better analysis systems to improve delivery and open 
up opportunities for new indications in iron chelation therapy. To aid the 
development of a more patient compliant dosage form, a polyclonal antibody that 
specifically recognises the iron bound form of desferrioxamine was produced and 
an ELISA assay using this antibody developed. This assay was used to quantify 
the amount of drug in samples from animal and human pharmacokinetic studies 
to determine the bioavailability of new forms and formulations of Desferal and 
new routes of administration.
Antibody fragments generated by phage display offer several advantages over 
conventional antibodies in that they are rapidly generated, generally smaller in 
size and may not possess the normally associated effector functions. As a result 
they may have a selected advantage in that they won't suffer from steric 
hindrance and may not stimulate immune systems when used in vivo. The 
human clotting cascade protein Factor Vila (activated form of Factor VII) was 
used as a model protein to determine whether specific phage displayed single 
chain antibodies (ScFv) could be generated. ScFv’s were constructed using the 
variable heavy and light chain genes from an antigen stimulated mouse 
immunoglobulin repertoire linked together by a flexible hydrophilic peptide and 
subsequently expressed or "displayed” on the outside of a bacteriophage. A 
single anti-Factor Vila ScFv phage clone was generated and it’s binding constant 
was determined using surface plasmon resonance. The nucleic acid sequence 
was determined and the CDR regions assigned.

In conclusion these studies demonstrate that the development of novel 
antibodies or antibody fragments can be utilised as valuable tools in the 
pharmaceutical development process.
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GLOSSARY

Nucleotides in DMA sequences are denoted by the initial letter of their 
purine or pyrimidine base; A (adenine), G (guanine), C (cytosine), T 
(thymine)

Amino acids in polypeptide sequences are abbreviated as follows:

Alanine A Glutamic acid E
Arginine R Glutamine Q
Asparagine N Glycine G
Aspartic acid D Histidine H
Cysteine 0 Isoleucine 1
Leucine L Serine 8
Lysine K Threonine T
Methionine M Tryptophan W
Phenylalanine F Tyrosine Y
Proline P Valine V

ABV absolute bioavailability
ATP adenosine triphosphate
Biotin-LC-NHS biotin-long chain N-hydroxysuccinimide
p-ME p-mercaptoethanol
bp base pairs
BPB bromophenol blue
BSA bovine serum albumin
cDNA complementary deoxyribonucleic acid
CDR complimentarity determining region(s)
CTP cytidine triphosphate
DAB 3,3'-diaminobenzidine tetrahydrochloride
d deoxy
dd dideoxy
dd H2O double distilled water
DEPC diethyl pyrocarbonate
DFO desferrioxamine
DMF dimethylformamide
DMSO dimethyl sulphoxide
DMA deoxyribonucleic acid
DTT dithiolthreitol
EDC N-ethyl-N’-(dimethylaminopropyl)carboiimide
EDTA ethylene diamine tetraacetic acid
ELISA enzyme linked immunosorbent assays
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FO ferrioxamine
GTP guanosine triphosphate
Gla gamma-carboxyglutamic acid
HABA 4'-hydroxyazobenzene-2-carboxylic acid
HRP horse radish peroxidase

ig immunoglobulin
IPTG isopropyl p-o-thiogalactopyranoside
KDa Kilo daltons
KLH keyhole limpet hemocyanin
LC long chain
MOPS 3-(N-morpholino) propanesuphonic acid
NHS N-hydroxysuccinimide
NMM N-methylmorpholine
OPD o-Phenylenediamine dihydrochloride
PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline
PCR polymerase chain reaction
PEG polyethylene glycol
ppb parts per billion
ppm parts per million
RNA ribonucleic acid
SDS sodium dodecyl sulphate
SPDP N-succinimidyl 3-(2-pyridyldithio)-propionate
T IP thymidine triphosphate
Tris tris (hydroxymethyl) methylamine

ScFv single chain fragment variable



CHAPTER ONE General Introduction

1.1 Antibodies and antibody fragments

1.1.1 Immunoglobulin superfamily

Immunoglobulin-like receptors and antibodies are members of a family of proteins 
that are comprised of a group of molecules that act as recognition domains and are 
either soluble or on the cell surface. When immunoglobulin (Ig) chains were first 
sequenced the constant regions showed sequence similarities and it was 
suggested that they evolved from a primordial gene encoding for about 100 amino 
acids (Hill et al., 1966). The Ig chains contain characteristic intrachain disulphide 
bonds and this was proposed by Eledman (1970) to be the defining structural 
domain of the superfamily. Further evidence for this came in the form of the 
sequencing of Beta-2 microglobulin (pg-m) (Peterson et al., 1972). The 

immunoglobulin superfamily is now known to consist of a wide variety of cell 
surface proteins and a list of some of the major sub-families is shown in table 1.

Family Family members

Immunoglobulins Heavy chains (IgM) 
K and X light chains

T cell receptor complex TCR a,p, Y, X chains 
CD3 y, Ô, 8 chains

MHC antigens Class 1 H-chain, Pg-m 
Class II a,p chains

T cell adhesion molecules CD2, LFA-3

T cell subset antigens CD4, CDS
Immunoglobulin receptors Fcy2b//y1 R, Poly IgR

Neural molecules neural cellular adhesion molecule (NCAM)
Growth factor receptors Platelet-derived growth factor (PDGF) receptor 

Colony stimulating factor-1 (CSF1) receptor
Tumor antigen carcinoembryonic antigen (CEA)

Table 1 The sub-families and members of the Immunoglobulin superfamily
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The two p-sheets or the Ig domain or fold consists of two anti-parallel p-strands 

containing 5-10 amino acids. A hydrophobic interior is formed by hydrophobic 
amino acids and is stabilised by the disulphide bond. Conserved patterns of 
sequences are seen and are categorised as being V-like or G-like according to 
whether their pattern of p-strands are similar to either the variable or constant 
domains of Ig (Williams and Barclay, 1988). The Ig superfamily have a few notable 
characteristics. Firstly as a general rule (with the exception of PDGFR and CSF1R 
that have tyrosine kinase activities) the Ig superfamily has no members that have 
extracellular enzymatic activity or segments from more than one protein 
superfamily. Secondly they commonly form either homo or heterodimers which are 
often stable disulphide bridge linked (except MHC antigens and p^-microglobulin 

associated molecules). Lastly in all cases they function as adhesion or binding 
proteins that that subsequently trigger an event at the cell surface (some of these 
occur with other members of the same family e.g. the MHC interacts with the TCR in 
presenting peptide antigens, antibodies bind with their respective receptors).

1.1.2 Antibody structure

The basic antibody molecule is made up of two glycosylated heavy chains 
(molecular weight 50-75KDa) and two non-glycosylated light chains (molecular 
weight » 25KDa). The heavy chains are joined together by disulphide bonds whilst 
each light chain is joined to a heavy chain by a disulphide bond. A diagrammatic 
representation of the four chain antibody molecule is shown in figure 1 (the 
attached carbohydrate molecules are shown in red). The inter-chain disulphide 
bond is characteristic of antibodies but the numbers and location are variable 
(Nisonoff et al., 1975, Carayannopoulos and Capra, 1993). Although this is the 
basic antibody unit, IgM and IgA are comprised of either a pentamer or hexamer 
(Davis eta!., 1988). and dimer polymers of this basic unit respectively and have a 
stabilising J-chain as well as inter-unit disulphide bridges (IgM only). 
Immunoglobulins are grouped into five different classes, IgG, IgM, IgA, IgE and IgD 
each having a characteristic biological function. The class of the molecule is 
determined by it's heavy chain and thus IgG, IgM, IgA, IgE and IgD have y, pi, a, e 
and Ô heavy chains respectively. IgM and IgD have single genes whilst the other 
three classes can be divided into sub-classes each with it’s own constant region 
gene. In man and mouse there are four IgG sub-classes (IgG I, lgG2, IgGS and 
lgG4 and IgGI, lgG2a, lgG2b and IgGS respectively) whilst there is only one Cy in
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rabbits (Brüggemann, 1987). There are two IgA sub-classes (IgAI and lgA2) in 
man, one in mouse but there are at least thirteen in rabbits. In the case of Ce genes 

there is one in mouse and two in man with one of them being a non-functional 
pseudogene (Lai et al., 1989). The effector functions of the antibody are 
determined by the heavy chain (Burton, 1990). There is no strong evidence for 
light chain effector function (Seising et a!., 1989) but the light chains play an 
important part in the specificity of the antibodies. There are two light chain genes k 
and X both of which appear to take part in all biological functions.

H ChamCDR1 
CDR2 

CDR3 L Chain

= Q }  Carbohydrate

Figure 1 A diagrammatic representation of the basic immunoglobulin molecule

The sequence of N-terminal region of the light and heavy chains vary between the 
two and are known as the variable regions (VH and VL). Within each of these 
regions there lie three regions of considerable variability (hypervariable regions) 
and are separated by less variable regions known as framework regions. The two 
variable regions are folded such that the hypervariable regions termed
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complementarity determining regions 1, 2 and 3 (CDR1, CDR2 and CDR3) from 
each chain are brought together to form the antigen binding site. Structurally these 
form loops which extend out from the antibody molecule and create the pocket or 
antigen binding groove. The CDR regions are not the only regions that can contain 
contact regions since, in the case of staphylococcal protein A which is a B-cell 
superantigen the binding pattern indicates that residues in framework regions 1 
and 3 (FR1 and FR3) and CDR2 are involved in antigen binding (Potter et a/., 
1996). IgG, IgA and IgD have a proline rich region between the CHI and CM2 
which is known as the hinge region. This results give these antibodies flexibility 
between the two Fab arms of the antibody (Burton, 1990).

Immunoglobulin gene locus organisation

The heavy, kappa and lambda light chains are encoded by three separate loci on 
chromosomes 14 (Cox eta!., 1982), 2 (Malcom et a!., 1982) and 22 (Seising et al., 
1898) respectively. The heavy chain locus is separated into two regions, variable 
and constant with the variable region being further sub-divided into variable, 
diversity and junction genes. The kappa and lambda loci are also divided into 
variable and constant regions but the variable region has only variable junction 
genes and does not contain diversity genes.

The heavy chain locus (see figure 2) is comprised of an estimated 100-200 VH 
gene segments which are divided into 6 VH families, approximately 20 Dh genes 
segments, 9 Jh gene segments (there are 3 non-functional pseudogenes) and 9 
Ch genes, two (Cvj/e and C\j/y) of which are non-functional pseudogenes.

13
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C h genes

Figure 2 The heavy chain locus organisation 
In man the kappa locus (figure 3) is comprised of approximately 85 V k  gene 

segments, of which up to 50 are functional (Meindl, 1990), 5 Jk  gene segments and 
a single O k  gene segment (Zachau, 1989).

The lambda chain locus is organised in a different way to the heavy chain and k  

chain gene loci in that the junction gene fragments are interspersed between the 
constant gene fragments (see figure 3). The locus is made up of more than 52 Vk 
genes (divided into 10 Vk families), 7 Jk genes and 7 Ok genes but again three of 
them (Ck4, Ck5 and Ck6) are non-functional pseudogenes (Frippiat et a i, 1995, 
Max, 1993). There is also an additional k-like gene (k5) on chromosome 22 (Schiff 
etal., 1996). This loci does not rearrange but is expressed in pre-B cells as part of 
the mIgM complex and plays a critical role in B-cell differentiation (Melchers et a/., 
1993, Meffre etal., 1996).

V k  genes

1 r
Jk  genes O k  genes

— 1 n

Vkgenes J and Ok genes

Figure 3 The k  and k light chain loci organisation
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Immunoglobulin Isotypes

IgG is the major immunoglobulin class in serum, has a molecular weight of about 
160KDa, has three constant regions and is about 70-75% of the total 
Immunoglobulin pool. It is major antibody of the secondary immune response and 
is the only antitoxin class. It is the only immunoglobulin class that is maternally 
transferred via the placenta and thus confers passive immunity to neonates. With 
it’s four isotypes it is able to bind to neutrophils, monocytes, macrophages, platelets 
langerhans cells, B cells and some T-cells and has a variety of properties (see 
table 2). The role of the IgG Fc receptors on bacteria (Staphylococcal protein A 
and Streptococcal protein G) is not clear (Myhre and Kronvall, 1980) but they do 
provide an ideal way of detecting and purifying IgG’s (Goding, 1978, Boyle and 
Reiss, 1987 and Langone, 1982).

Properties Immunoglobulin

IgGI lgG2 lgG3 lgG4 IgM IgA IgE IgD
Complement fixation 
Placental transfer 
Fc receptor binding 
Protein A binding 
Protein G binding

++ + +++ +++
+ + + +
+ + + + + 

+ + +  + + +  +4-4- 

+++ +++ +++ +++

Table 2 The associated effector functions of the different Ig classes

IgM is the largest of the immunoglobulin classes and has four Cp domains. It exists 

mainly as a pentamer (hexamer forms exist in other mammals) with an overall 
molecular weight of 970 KDa and accounts for about 10% of the immunoglobulin 
pool. It is the major class of the primary response and is often produced in 
response to agents with complex antigenic structures such as those found on 
bacterial cell walls. The polymeric nature of IgM is of biological value since 
although each unit has a relatively low affinity due to lack of somatic mutation
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(Gearhart etal., 1981) it increases the overall avidity. The role of the J chain is not 
well understood but it has been suggested that it has an effect on the synthesis of 
the pentameric form (Niles et a!., 1995). Although IgM exists as a polymeric 
structure in serum it can also exist as a membrane bound monomer (mIgM) but this 
is only found on virgin B-cells. The monomeric form is part of a complex in which it 
is associated with two molecules of a heterodimer called Iga/lgp (see figure 4). 

Together they form what is known as the B-cell antigen receptor (Reth, 1994).

(1
<h
L

r
%
L

t
T.
(0

U

M
%
J

Figure 4 A diagrammatic representation of the B-cell antigen receptor

IgA is the most prevalent immunoglobulin in seromucous secretions e.g. saliva, 
colostrum, milk and respiratory and urinogenital secretions (Tomasi and Grey,
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1972, Mestecky and McGhee, 1987) and like IgM can form polymeric structures. It 
accounts for about 15-20% of the serum Ig pool. In man more than 80% is in the 
monomeric form, but is present in the dimmer form in the aforementioned 
secretions. The isotype IgAI is the predominant form in serum whereas lgA2 is 
predominant in secretions since lgA2 is resistant to the proteolytic enzymes 
secreted by micro-organisms in the respiratory and gastrointestinal tract that can 
cleave IgAI. The main role of IgA (it is unable to mediate in antibody dependent 
cell-mediated cytotoxicity, ADCC) is to neutralise viruses and bacteria (Vaerman, 
1984). The mechanism is one of “the immune exclusion of antigens” whereby the 
antigen is prevented from entering the organism by confining it to the mucous 
secretions followed by elimination.
IgE is less than 1% of the serum an is often found associated with the membranes 
of basophils , mast cells and some cells of the nasal and bronchial mucosa. The 
main pathological role is in combating helminth infections such a Trichinella and 
Schistosoma (Capron and Capron, 1994). It is involved in ADCC reactions and 
can interact with mast cells, macrophages, eosinophils and platelets. IgE also has 
an involvement in allergic diseases such as hay fever and asthma in which it can 
bind to mast cells and eosinophils.
IgD is found as a membrane bound antibody that is co-expressed with IgM on most 
B-cells and have the same specificity (Goding and Layton, 1976). It’s main function 
is unclear but it is thought to be as a receptor for antigen (Blattner and Tucker,
1984). This is supported by the fact that after stimulation with a mitogen surface 
IgD is rapidly lost (Bourgois etal., 1977).

1.1.3 Immunoglobulin diversity

It was Erlich’s theory that the interaction of a pre-formed I B-cell receptor with an 
antigen lead to the generation and secretion of more of those receptors. In this he 
had anticipated that not only was antigen required to stimulate the production of 
antibodies (clonal selection) but that cells could express receptors prior to any 
antigenic contact. This also suggested that for every antigen there was a 
population of B-cells expressing a receptor (mIgM) for that antigen. This theory 
was fine for a while but with the generation of an increasing amount of novel 
organic compounds it was hard to imagine that there was a gene for every known 
and emerging antigen. Therefore there must be a system by which the antibody 
epitope could be fine tuned (affinity maturation) to generate highly specific and
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sometimes high affinity antibodies. There are many mechanisms by which the 
diversity of an antibody can occur but they can be divided in to those reliant on 
germline encoded information (isotypic and allotypic diversities) and those 

produced as a result of somatic processes (idiotypic diversity).
It has been described earlier that the antibodies are divided into five different 
isotype classes with three of them having two or more sub-classes. The differences 
in the isotypes provide one of the clearest forms of diversity since it is these gross 
structural differences that create the more evident functional differences. The 
rather more subtle changes that are not due to gene rearrangement are the 
allotypic determinants. All individuals of a species inherit the same set of isotype 
genes but some of those genes have multiple alleles These alleles encode for 
subtle amino acid differences. In man allotypes have been characterised for all 
four IgG subclasses (25), lgA2 (2) and k light chain (3) and are known as Gm, A2m 
and Km respectively.
The idiotypic diversity occurs when the B-cell undergoes maturation to form a virgin 
circulating B-cell. This is a result of the genetic re-arrangements of the various 
variable, diversity and junctional genes in the variable regions of the heavy and 
light chains (somatic recombination) and helps in generating the antigenic 
specificity of the antibody. During germline gene assembly the various gene 
segments recombine in a particular sequence. In the case of the light chain 
rearrangement the Vl and Jl genes assemble first followed by VJ-Cl assembly. 
The heavy chain rearrangement is different (it also has additional Dh genes) in that 
Dh-Jh assembly is first (rather than Vh-Dh) followed by Vh-DJh and finally VDJh- 
Ch assembly. Although the recombination of any set of gene segments occurs in a 
set order, the combination of genes is random. This provides the first mechanism 
of idiotypic diversity but there are other mechanisms that occur during the 
recombination process. All of Vl, Jl or VH, Dh, Jh sequences are flanked by two 
conserved recombination signal sequences (RSS) of 7 base pairs and 9 base 
pairs long and these are separated by a non-conserved spacer of either 12 or 23 
nucleotides depending on which gene segment they flank (see figure 5).
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Figure 5 A diagrammatic representation of the RSS mechanism

The joining of the various segments is controlled using these conserved/non
conserved sequences in what is known as the 12-23 base pair rule. This ensures 
that conserved sequences with 12 bp spacers only join with the same sequences 
with a 23 bp spacer which prevents incorrect variable gene assembly. Although 
the mechanism is controlled junctional diversity can be can be caused by either 
imprecise joining ends (Gellert, 1992) or the insertion of one or more nucleotides at 
the join in a template independent manner (Tonegawa, 1983). In addition to these 
three methods of diversity there is a high rate of somatic mutation (Tumas- 
Brundage and Manser, 1997) that occurs as a result of antigenic stimulation. 
Although this is a mechanism whereby bases can be altered throughout the 
sequences encoding the variable regions there is a bias towards “hot spots” which 
appear to be a triplet ACG (Jolly et a/., 1996, Lim at al, 1997). With all these 
various mechanisms of diversity a repertoire of antibodies is estimated to be in the 
region of 10^°-10^^ (Winter and Milstein, 1991).

1.1.4 Antibody response

The armoury of the immune system can be divided into acquired or innate. Of the 
acquired immune system one of the pivotal features is the ability to produce 
specific antibodies to a wide range of non-self antigens. In order to do this a huge 
number of lymphocytes are generated each expressing a unique antibody. Each of 
these cells is capable of clonal expansion provided it receives the correct 
biochemical signals. The process of antibody production involves the interaction of 
three populations of cells, B-cells, T-cells (Harlow and Lane, 1988, Parker, 1993)
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and antigen presenting cells (APCe) although there are some antigens particularly 

polymeric bacterial antigens such as polysaccharides and lipopolysaccharides 
which are “T-cell independent" but generally invoke only IgM class antibodies with 
poor memory B-cell generation (Mosier and Subbarao, 1982).

Antibody production is initiated when processed exogenous foreign antigen is 
presented on the surface of APC’s in conjunction with class II major 
histocompatability complex (MHC) proteins. This is followed by activation of naive 
CD4^ T-cells expressing (they also express an antigen specific receptor) T-cell 
receptors (TCR) that can specifically recognise the antigen/MHC II complex. The 
activation occurs as a result of two types of signal. The first signal is the cell to cell 
TCR/MHC II interaction as well as through the interactions of other cell surface 
receptors such as CD3, CD4, CD45, and CD73 (Julius et al., 1993, Maroun and 
Julius, 1994, Resta and Thompson, 1997). The second signal is via a soluble 
factor known as interlukin 1 (IL-1). Once activated the next step is clonal expansion 
of T-cells which involves 11-2. This is produced by the T-cells as a result of the 
combined stimulus of cellular and soluble signalling.
B-cells are activated in a similar manner. Antigen that is bound to it's surface 
antibody (IgM and IgD) is processed and then presented on it’s surface in a MHC II 
complex. The T and B-cells then bind through the TCR/MHC II interaction and a 

variety of other cell surface receptors (e.g.CD40) subsequently the T-cell secretes a 
number of cytokines which result in the clonal expansion and differentiation of the 

B-cells into antibody producing plasma cells.
The development of an antibody response is divided into two phases, the primary 
response and the secondary response and is dependent on whether the antigen is 
T-cell dependent (T̂ p̂) or T-cell independent (Tĵ )̂. In the case of antigens the 
primary and secondary responses are similar in that they are fairly weak and 
mainly IgM antibodies are produced. In the case of T̂ ep antigens the primary and 
secondary response is very different. The primary response is similar to that of the 
T|nd antigen but it is slightly stronger. The secondary response is more rapid. It is 
characterised by a significant increase in overall antibody titre, an increase in 
overall affinity and a switch in antibody isotype. The increase in affinity is due to 
both somatic hypermutation and to clonal expansion. Somatic hypermutation 
occurs in the V gene region at a high frequency after antigenic stimulation 
(reviewed by Nossal, 1992) whilst clonal expansion occurs in those B-cells whose 
membrane antibody is of high affinity and therefore more able to compete in an
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environment of limited antigen availability (Küppers etal., 1993). Isotype switching 
has been shown to occur as early as four days after primary immunisation (Toellner 
et a!., 1996) and is regulated by cytokines and B-cell activators at the 
transcriptional level (Stavnezer, 1996). Three models have been proposed to 
explain the mechanism of immunoglobulin class switch, recombination between 
homologs, unequal sister chromatid exchange and looping out followed by 
deletion (Honjo, 1982, Harriman et a/., 1993). Whilst no evidence has been 
demonstrated for the first two models evidence (in the form of by-products of 
looping out, inversions and circular DNA) has been isolated for the looping out and 
deletion model (Harriman etal., 1993).

1.2 Immunoassays

In 1890 von Behring and Kitasato demonstrated the neutralising properties of 
bacterial antitoxins and thus started an era of discoveries that lead to the current 
diverse field immunology based analysis. The ability of antibodies to quantitatively 
precipitate antigens was first demonstrated by Heidelberger in 1939 and further 
developments by (Oudin, 1946 and Ouchterlony, 1948) allowed visual 
quantification of the antibody-antigen precipitates using agar gels. In 1945 
Coombs et al developed an important clinical test (Coombs's Antiglobin Test) but 
also demonstrated that erythrocytes could be used as an indicator system in 
immunoassays. This has subsequently led onto the use of erythrocytes in 
heamagglutination assays to determine the quantity and specificity of both antigens 
(Ag) and antibody (Ab) in a variety of serological tests. Berson and Yalow (1958) 
pioneered the techniques required to label antigens and antibodies with 
radioisotopes and thus founded the radioimmunoassay. This allowed the 
measurement of small molecules like hormones (e.g. Insulin) down to very low 
concentrations often in the pico (10 ^̂ ) mol range. Further work by Nakane and 
Pierce (1966) demonstrated that enzymes could also be coupled to antigens and 
antibodies and this was used by Engvall and Pearlmann (1971) to pioneer the way 
for the variety of solid phase enzyme linked assays that exist today.
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1.2.1 Radioisotope iinked assays

Immunoassays using radioisotope detection methods can be divided into two types 
the radioimmunoassay (RIA) and immunoradiometric assay (IRMA). Although the 
format of the two assays are different the choice of radioisotope is the same. is 
the preferred isotope since y-emitters generally produce labelled antigens with a 

higher specific activity and it has a longer half-life than The principle behind 
the RIA is one of competition between the test antigen and a radio-labelled antigen 
for a limiting amount of specific antibody. The antibody is either in solution or 
bound. Ag/Ab complexes are washed and separated to remove any unbound 
radio-labelled prior to detection. A standard curve of labelled antigen of known 
concentrations is prepared. The concentration of the antigen in the test sample is 
determined by the reduction in the amount of radioactivity since the Ag 
concentration is inversely proportional to the amount of radioactivity. The IRMA is a 
non-competitive assay where excess solid phase antibody and excess radio
labelled antibody are used to quantify an unknown amount of Ag. Separation of 
unbound radioactivity is easier since any unbound antibody is removed during the 
washing step. In contrast to the RIA the concentration of Ag in an IRMA is directly 
proportional to the amount of radioactivity measured. RIA’s have been developed 
for a wide variety of analytes (Joseph etal., 1991, Harlozinska at a!., 1991, Klein at 
a/., 1991) but IRMA based assays is now more favoured than RIA assays since they 
are more sensitive (Homayoun at a!., 1996, Clerico at a/., 1996, Dai at a/., 1996) 
due to improved specificity and lower non-specific binding.

1.2.2 Enzyme linked and related assays

The development of solid phase based assays that rely on enzyme catalysed 
chromogen detection resulted from the need to find a simple sensitive method for 
detecting antigen and antibody that did not rely on particle agglutination or the use 
of radio-labelled reagents. The enzyme-linked immunosorbent assay (ELISA) is 
used in wide range of fields (Nakata and Ohkawa, 1996, Yoshida and Takagaki, 
1995, Nishijima, 1995, and Nishihara, 1995). There are many ELISA formats and 
the choice of assay is dependent on what is being analysed (Catty and 
Raykundalia, 1990).
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There are a variety of enzymes used, with horseradish peroxidase and alkaline 
phosphatase being the most common (Porstmann and Kiessig, 1992). The list of 
chromogenic substrates is also large with the choice depending on the wavelength 

and whether a soluble or insoluble product is required (Catty and Raykundalia, 
1990). Although enzyme conjugated detection is the most common form of 
immunoassay methods are being investigated to improve the sensitivity. The 
alternative methods are divided into enzyme amplification methods and the use of 
non-enzymatic detection probes. The use of the specific avidin-biotin interaction 
increases sensitivity by allowing the binding of more enzyme molecules per 
complex whilst the enzyme cycling method uses one enzyme to produce a 
regeneratable substrate for a second enzyme system (Self, 1985, Stanley et a/.,
1985). Chemiluminescent, fluorescent and bioluminescent probes have all been 
used to improve the sensitivity of immunoassays (Hosogaya and Kume, 1995, 
Sato, 1995). When compared to enzymatic probes the chemiluminescent probes 
were more sensitive (Maeda, 1995) with detection levels down to the attomole (10' 
®̂) and zeptmole (10'^ )̂ range (Hosogaya and Kume, 1995).

There are a number of related assays that use different solid supports and 
detection probes or use biotechnology to provide the enzymatic detection system. 
Dot blots, dipsticks and ELI SPOT (Gentilomi, etal., 1997, Snowden and Hommel, 
1991, Czerkinsky et a!., 1983) use nitrocellulose, polycarbonate (Penny et a/., 
1989) and agarose as the support with antibody absorbed to commercial textile 
dyes for visualisation (Snowden and Hommel, 1991). In contrast CEDIA and 
expression immunoassay have convention ELISA format but use recombinant DNA 
methodology to generate enzymes in vitro (Henderson et ai., 1986, Khanna et ai., 
1989, Engel and Khanna, 1992, Christopoulus and Chiu, 1995).

1.2.3 Other antibody based analytics

There are numerous alternative methods for detecting antibody-antigen 
interactions and they are used in an increasingly diverse field of 
immunodiagnostics such as clinical analysis and environmental monitoring 
(Aizawa, 1994, Marco et ai., 1995) or the more expanding area of bio and affinity 
sensors (Sharma and Rogers, 1994, Leech, 1994). They all come under the 
umbrella of immunosensors which can be described as “analytical devices that 
detect the binding of an antigen to it's specific antibody by coupling the
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immunochemical reaction to the surface of a device known as a transducer” (Gizeli 
and Lowe, 1996).

Immunosensors can be divided into three categories optical, piezoelectric and 
electrochemical. A variety of optical immunosensors have been developed and 
can be categorised depending on whether the immunochemical complex is directly 
monitored or relies on detection using labelled molecules (Rabbany, 1994). 
Although indirect monitoring using labelled molecules is better in terms of 
sensitivity the requirement for labelling make direct monitoring more viable. Three 
systems have been employed to perform direct monitoring, the Mach-Zehnder 
interferometer, which measures the change in light intensity due to antibody 
absorption, reflectrometric interference spectroscopy, which measures the 
interference of two beams reflected at the two interfaces of a thin transparent film 
and surface olasmon resonance (SPR) which detects the change in refractive 

index of a polarised light source see figure 6.
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Figure 6 A diagrammatic representation of surface plasmon resonance detection

Work based on the first two methodologies has been carried out but as yet the 
systems are insufficiently sensitive to consider commercialisation of sensors based 
on these formats (Schipper etal., 1995, Lechuga, et a!., 1995, Brecht et al., 1995).
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SPR technology on the other hand has been successfully commercialised by 
Pharmacia (BIAcore’’’'^ ) and Fisons (lAsys’’’'  ̂ ). Both the BIAcore and lAsys systems 
have been used to demonstrate a number of macromolecular binding interactions 
including; antibody isotype determination, epitope analysis, affinity measurements, 
receptor-ligand binding, protein-DNA and DNA-DNA interactions (Johne et al., 
1993, Van Regenmortel et a!., 1997, French et a!., 1995, Fisher et a!., 1994, 
Persson et a!., 1997). A typical sensogram showing the binding of an antibody to a 
surface bound antigen is shown in figure 7.
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Figure 7 A typical sensogram of antibody binding 
a = association phase, d = disassociation phase, r = regeneration phase

Piezoelectric immunosensors (reviewed by Suleiman and Guilbault, 1994) rely on 
the change in frequency response that occurs as a result of adsorption of a protein 
onto a modified piezoelectric crystal. There are two types of device, the quartz 
crystal microbalance (QCM) which operates at 15Mhz and below and the surface 
acoustic wave (SAW) device which works at frequencies above lOOMhz. In 
experiments to detect the herbicide Atrazine a QCM device was able to measure 
concentrations in the 0.001 ppb to Ippb range (Yokoyama eta!., 1995) which is the
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lowest immunosensor detection limit reported. These measurements were taken 
after drying the device which would reduce the on-line applicability of the device. 
SAW devices have a higher sensitivity since the mass sensitivity is related to the 
operating frequency. A high frequency surface transverse device was able to 
detect Atrazine in the O.OGppb to 10ppm range and was regeneratable for at least 
48 cycles with only a 30% decrease in signal response (Tom-Moy et al., 1995). 
Electrochemical sensors have also been developed to measure antigen-antibody 
events (Weetall and Hotaling, 1987, Jenkins at a!., 1988) but, ionic strength can 
have a major effect on sensor impedance (Hardeman eta!., 1995). A variety of flow 
through detectors have also been developed some with detection limits of between 
10'̂  ̂ to 10'^^M (Sitdykov at a!., 1991). These detectors combine an 
immunochemical electrode that are encased in a dialysis membrane. The probe is 
small enough to be implanted and is capable of up to 200 to 400 sequential 
measurements (Cook, 1997) and could possibly enabling real time monitoring 
within the blood or an organ system.
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CHAPTER 2. Development and use of an ELISA for the 
detection of desferrioxamine

2.1 Introduction

2.1.1 iron overload diseases

Excessive deposition of iron in the body is a result of a imbalance between the 
body’s iron requirements and it’s intake. The imbalance occurs because either 
too much iron is absorbed (haemachromatosis) via the gastro-intestinal tract (as 
a result of a variety of diseases or accidental intake), or is increased as a result 
of a disease (haemosiderosis) or disease management regime (in the case of 
anaemias), in which iron preparations or repeated administration of blood 
transfusions have led to (secondary) iron overload. The normal iron content of 
the body is about 5 g and manifestations of siderosis are not apparent until 
about a five fold excess of iron is present. In the case of transfusion dependent 
haemosiderosis such as 3-thalassaemia this is after approximately 100 units of 
blood have been transfused.
The manifestations that occur due to the iron overload are either as a result of 
the pathogenesis of the disease, the resulting iron overload, the procedures that 
cause its inception (e.g. hypertransfusion) or the drug regime designed to 
combat the effects of the iron overload. The major complications (Canale, 
1974) associated with these diseases are listed in table 3. They include; blood, 
heart, liver, endocrine, bone and skin manifestations as well as other 
complications (not listed) such as kidney, pulmonary and psychological (as a 
result of the chronic disease). There are also transient ocular and auditory 
complications that are as a result of drug therapy (Cases et al., 1990, Marciani 
etal., 1991, Marciani etal., 1993). The list is by no means exhaustive but gives 
an outline of the wide ranging effects that occur as a result of the imbalance of 
this vital metal ion.
The determination of iron overload can be measured by several different 
methods. The direct determination of tissue iron is by staining a liver biopsy 
with Perl's stain (stains iron deposits blue) (Risse and Weiler, 1987, Capron et 
a/., 1986) but is not frequently used since it a very invasive method. The 
measurement of serum ferritin levels (Worwood and Drake, 1993), transferrin 
saturation (Gillum etal., 1996) or non-transferrin bound iron NTBPI (Al-refaie et
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al., 1992, Porter etal., 1996) are currently the methods of choice since they are 
less invasive, but serum ferritin levels are the most predictive of iron overload. 
The least invasive method is the Desterai test (Saddi et al., 1978) but is now 
infrequently used.

Blood
Anaemia
Coagulation defects 
Lymphoid hyperplasia
Immune and allergic reactions (due to blood transfusions)
Increased susceptibility to bacterial and fungal infections
(due to either the injections or the drug administration)
Hyperbilirubinaemia
Heart
Arrhythmia
Cardiac failure (possibly with myocardial fibrosis)
Pericarditis
Liver
Gallstones
Cirrhosis
Hepatitis B
Endocrine
Diabetes
Hypothyroidism
Hypoparathyroidism
Delayed onset of puberty
Bone
Pathological fractures 
Synovitis/arthritis 
Osteoporosis 
Cranofacial deformities 
Skin
Hyperpigmentation 
Leg ulcers

Table 3 The major manifestations attributed to or associated with 
iron overload diseases.
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2.1.1.1 Haemochromatosis and iron uptake disorders

Haemochromatosis is a state of iron overload due to increased iron absorption 
that results in parenchymal tissue damage. The condition occurs as a result of 
the genetic disorder known as hereditary or primary haemochromatosis 
(Fairbanks and Baidas, 1996) and is due to a mutation in a gene on the short 
arm of chromosome 6. Several observations suggest that the increase in iron 
absorption is due to a defect in a membrane iron transport system (Stremmel et 
al., 1993) in duodenal mucosal cells. The increased iron absorption is fairly 
slow with the average being only a few milligrams of iron over that (1-2 mg) 
which is normally absorbed. As a result of this slow accumulation clinical 
manifestations of the disease don’t normally present in male patients under the 
age of 20 (McLaren et a!., 1983) whilst this may be later in the case of women 
due to menstrual loss. Although the iron accumulates in nearly all the cells in 
the body the liver is the main organ of iron accumulation (in the form of 
haemosiderin) since iron absorbed from the gastro-intestinal tract passes 
through the liver via the portal circulation before it circulates to other organs. 
The tissue damage that results form the iron accumulation results in a variety of 
conditions with liver cirrhosis, cardiomyopathy, diabetes and arthritis being the 
most serious. The most efficient treatment is repeated phlebotomy. Patients 
can sustain 1-2 phlebotomies a week for up to 1-3 years before iron stores are 
returned to normal. Thereafter 4-6 phlebotomies/yr should maintain serum 
ferritin levels in the normal range. Chelation therapy or dietary manipulation 
are not considered to be appropriate treatments although they have been used, 
(Wohler, 1963) since phlebotomy is inexpensive, convenient and more iron 
(approximately 200 mg) is removed with every 500 ml of blood withdrawn.

African or Bantu siderosis, and Kashin-Beck disease are the other main 
conditions (other than medicinal or accidental poisoning) that occur as a result 
of dietary iron overload. In the case of African siderosis the aetiology was 
thought to be (Walker and Arvidson, 1950) due to excessive amounts of iron 
originating from the iron cooking pots being used for preparing traditional beer. 
The low pH of the beer results in enhanced amounts of iron being dissolved 
and thus as much as 150 mg/day (Propper and Nathan, 1982) of non-heme iron 
is ingested. Gordeuk and Brittenham (1992) suggested that there may a 
genetic link that is distinct from the HLA locus linkage (Propper and Nathan, 
1982) associated with primary haemochromatosis. Kashin-Beck disease is a 
rare dietary overload condition (McLaren et a/., 1983) that is a result of the iron 
content of the water being particularly high.

29



2,1.1.2 Thalassaemia and other anaemias

Anaemia can be separated into three groups. In response to the anaemia the 
bone marrow can either fail to increase the overall number of reticulocytes 
increase red cell production or inappropriately increase red cell production. 
Those caused by ineffective erythropoesis are due to some form of abnormality 
in the iron, heme or globin metabolism or a reduced erythroid lifespan resulting 
in some form of haemolytic anaemia.

Thalassaemia is the name given to a group of diseases in which the common 
link is a hereditary defect in the erythrocytes. The disease is a result of 
mutations occurring within the globin genes that encode for the haemoglobin 
molecule. This can cause either a lack of or reduced synthesis of one or more 
of the polypeptide chains. This gives rise to incorrect folding of the 
haemoglobin molecule. The result of this is that there is not only a decreased 
oxygen uptake but also a decrease in erythrocyte life span.

There are four types of thalassaemia a, p, y and 5 depending on which one of 
the polypeptide chains is affected, a and p thalassaemia are of clinical 
significance whist y and ô thalassaemia are only of relevance if found in 
combination with either a  and p forms, p thalassaemia which is the severest of 
the forms of thalassaemia is the most common single gene defect (Kulozik,
1992). It is split into three separate clinical forms thalassaemia minor, 
thalassaemia intermedia and thalassaemia major depending on how the gene 
for the p chain is distributed. Patients with thalassaemia minor are apparently 

healthy with no decreased erythrocyte life span but blood smears usually show 
some abnormalities such as hypochromia and poikilocytosis. Thalassaemia 
intermedia is more serious than thalassaemia minor and has genetic and 
biochemical similarities to that of thalassaemia major. Since the anaemia is 
only moderate i.e. between 7-10 g haemoglobin/100 ml blood (De Virgiliis etal.,
1982) blood transfusions are only administered during operations such as 
splenectomy or as a result of a hyperhaemolytic crisis. As a result of the 
decreased levels of blood transfusion patients are less likely to develop the 
symptoms of haemosiderosis (Cossu etal., 1981).
Thalassaemia major or Cooley's anaemia (Cooley et al., 1925, 1927) is the 
most chronic form and is prevalent in the Mediterranean basin but is also found 
in tropical and sub-tropical regions such as; Africa, the Middle East, South East 
Asia and Southern China. There is quite a high incidence also in the USA and
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the UK, which is due to the immigrants from the Mediterranean region. The 
carrier (heterozygous) state for p-thalassaemia is clinically asymptomatic and 

confers a selective advantage in regions that are endemic for malaria.

Without regular blood transfusions the life expectancy of children is less than 
four to five years with the usual causes of death being anaemia, hepatic 
insufficiency, septicaemia or heart failure. With the aid of blood transfusions 
children will live until their early teens but will develop all the complications 
associated with haemosiderosis. After this point they will have to go onto a 
regime of iron-chelation therapy since their bodies have become iron- 
overloaded and will die of liver failure or cardiac problems due to the excessive 
iron burden. The patients are thus usually on a regime of blood transfusion 
(approximately two units/month) and iron-chelation therapy (up to 5-6 
times/week).

Sickle cell anaemia is caused by a genetic mutation in which haemoglobin A is 
replaced by haemoglobin S. The mutation appears to have arisen on three 
separate occasions in Africa and once in India (Serjeant, 1993). At low oxygen 
tension the haemoglobin forms a crystalline structure and as a result the 
erythrocyte is transformed into the characteristic sickle cell appearance. 
Although the chronic haemolysis and resultant anaemia are tolerated the 
morbidity of the disease is due to bone marrow necrosis and the impeding effect 
the sickle erythrocytes have on the microvasculature (Steinberg, 1991). 
Chronic liver and spleen damage (which contributes to leg ulceration in 
adolescence) is followed by progressive kidney, lung and occasionally 
cardiovascular impairment. Despite the wide ranging effect this disease has. It 
is maintained in the gene pool since the trait has a selective advantage in that 
there is an increased resistance to malarial infections.

Sideroblastic anaemia is a rare disease which often generally occurs in early 
childhood. It is caused by an altered synthesis of the heme molecule which 
results in an imbalance in the iron delivery and the iron incorporation into the 
heme of the developing erythrocyte. A bone marrow examination reveals cells 
with an iron overloading of the mitochondria (that are perinucularly distributed) 
and are thus termed “ringed” sideroblasts. The anaemia is the most pertinent 
pathology but the resulting long term iron overload is due to deceased 
erythrocyte life span. In some cases phlebotomy can reduce mild iron load 
whereas chelation therapy can be used in cases of excessive overload (Mehta 
etal., 1989).
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Aplastic anaemia is a disease with a median onset age of about 25 and is a 
failure of the haemopoietic tissue to produce all types of erythroid precursors. It 
is accompanied to a varying degree by a failure in both white blood cell and 
platelet production. A typical bone marrow biopsy is pale with mainly fat being 
present. Blackfan-Diamond disease is a type of aplastic anaemia in which only 
the erythrocyte lineage is affected. Transfusion therapy is often the short term 
treatment with bone marrow transplantation (from an HLA-matched donor) 
being the best option.

The other main anaemias such as pernicious anaemia and haemolytic anaemia 
result from either a vitamin or enzyme deficiency. Pernicious anaemia is 
megaloblastic anaemia that is due to vitamin B12 deficiency. Any effects of this 
disease can be fully prevented if an early diagnosis is made and vitamin 
supplementation is given. Haemolytic anaemias have many forms with some of 
them being so mild that little or no anaemia results. Hereditary spherocytosis is 
one such form that is caused by a variety of abnormalities in the skeletal 
membrane protein (spectrin). Congenital haemolytic anaemia is the most 
common type of haemolytic anaemia and is the result of a deficiency in the 
glucose-6-phosphate dehydrogenase pyruvate kinase enzyme.

2.1.1.3 Other iron-overload conditions

Porphyria cutanea tarda (POT) is a metabolic disorder of porphyrin metabolism 
that is caused by reduced hepatic uroporphyrinogen decarboxylase activity. 
This reduced enzyme activity may be as a result of a prior hepatitis 0  infection 
(Fargion etal., 1992, Roux et a!., 1996). As a result of the disorder there is an 
accumulation of uroporphyrin and coproporphyrin in the skin and other organs 
along with a mild to severe increase in liver iron load. Although it is not 
understood what causes the iron overload it has been suggested that in some 
patients with POT (Fargion etal., 1996) there is a coexistence with one or even 
two of the associated genes for haemachromatosis. Treatment is usually by 
phlebotomy (Horie et al., 1995) although iron-chelation therapy with 
desferrioxamine has been suggested (Gibertini etal., 1984).
Haemodialysis patients are at risk of developing acquired haemosiderosis. 
Since patients with renal impairment quite often suffer from anaemia they often 
receive exogenous iron from either oral iron therapy or in more serious cases 
from frequent blood transfusions. The frequent blood transfusions are also 
used as part of a pre-transplant regime to induce tolerance to any subsequent
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renal allograft (Winchester, 1986). In addition some patients may also be at risk 
of retaining the excess iron due to inheritance of genes that are associated with 
the hereditary form of heamochromatosis (Bregman etal., 1980, Mclaren etal.,
1983).

2.1.2 Desferal

2.1.2.1 History and Development

Desferrioxamine B is the active ingredient in Desferal (figure 8) 
(methansulphonic acid salt) and is one of only two approved iron-chelating 
drugs for the treatment of transfusion dependent chronic iron-overload diseases 
such as p-thalassaemia. It is a linear molecule (Keberle, 1964) and is 

composed of one molecule of acetic acid, two molecules of succinic acid and 
three molecules of 1 -amino-5-hydroxylaminopentane and is derived from 
ferrioxamine B which is produced along with various other sideramines by 
Streptomyces pilosus (Müller et al., 1984).

CH3SO3

NH3+ O H  OH O O

OH O O H

Figure 8 The chemical structure of Desferrioxamine B 
(methansulphonic acid salt form)

Desferrioxamine is part of a group of iron-chelating compounds known as 
hydroxymates that include rhodotoriulic acid (Atkin and Neilands, 1968) and 
cholylhydroxamic acid (Grady etal., 1978). It has a high affinity for iron and on 
chelating an iron atom (in a 1:1 ratio) it wraps around the ferric ion (figure 9) 
with the three hydroxyl groups on the nitrogens and the three carbonyl 
oxygens being the groups that are involved in the co-ordination of the iron 
atom. In this state the complex is likely to form a more globular motif (Hou et 
al., 1994).
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Figure 9 The chemical structure of Ferrioxamine (methansulphonic acid form)

The discovery of desferrioxamine (DFO) was a chance coincidence since Ciba 
was at the time involved in research on iron containing antibiotics called 
ferrimycines (Yawalker, 1993). A group of seven iron containing antibiotic 
antagonists (ferrioxamines A-G) were discovered as impurities (BickeP et al., 
1960). As a result of the termination of the ferrimycine project in 1959 Bickel 
started to produce large amounts of these antibiotic antagonists namely 
ferrioxamine B in an attempt to find a use for these compounds.

It was suggested by Professor Gross (who was currently Head of Clinical 
Research at Ciba) that this molecule might act as an iron donor in patients with 
iron-deficiency anaemia. The initial clinical studies performed by Professors 
Heilmeyer and Wohler showed that the ferrioxamine was being rapidly 
eliminated by the kidneys and that it was completely excreted unchanged. This 
was unexpected since all previously known iron preparations passed on the 
iron to the body. In view of these results Professor Wohler realised that the iron 
in ferrioxamine B was strongly bound which explained it's rapid and complete 
elimination.

Professor Wohler had the idea that if iron free ferrioxamine B could be produced 
then it should be capable of removing iron from the body stores and then being 
eliminated in the urine as ferrioxamine B. Desferrioxamine B was isolated (as 
the hydrochloride salt) in 1960 and thus Ferrioxamine B had gone from being 
an antibiotic antagonist (Bickel^ etal., 1960) to an iron donor and finally an iron
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eliminator. Initial animal studies demonstrated that not only was ferrioxamine B 
less toxic but the amount of iron in the urine increased when the animals had 
previously been given iron preparations. The next studies showed that in a 
comparative study with EDTA, desferrioxamine had the highest stability 
constant and that it was more specific for iron whilst EDTA also removed zinc 
and manganese (Keberle, 1964). The next studies showed that 
desferrioxamine was only capable of removing free (non-transferrin bound) iron 
or iron that has accumulated in ferritin or haemosiderin. It was not capable of 
removing iron from either haemoglobin or the iron transport protein, transferrin 
(Yawalker, 1993) under physiological conditions.

Following these results and tolerability test in volunteers Wohler treated his first 
patient (who had severe haemochromatosis) followed soon after with patients 
suffering from thalassaemia major. The first clinical trail exclusively for patients 
with thalassaemia major (Smith, 1962) demonstrated that 17 children were 
successfully treated with desferrioxamine. Treatment with an intravenous 
infusion of desferrioxamine hydrochloride was not very practical since it is not 
very soluble and thus a more soluble salt form (methansulphonic acid) was 
developed. Along with the development of the methansulphonic acid form 
came the development of different dosing regimes. Although intravenous 
infusion is an effective method of iron removal (Propper et al., 1976) it is an 
impractical regime and long-term trials using various combinations of 
intramuscular injections and intravenous infusions (Constantoulakis at a!., 
1974, Modell at a!., 1974, Barry at a!., 1974) demonstrated that insufficient iron 
was eliminated. Subsequent studies by Hussain at a!., 1976 and Propper at a i, 
1977 demonstrated that continuous subcutaneous infusion was more efficient at 
excreting iron than intramuscular injections and that it was 90% as effective as 
an intravenous administration on a dose-for-dose basis. This alteration in the 
route of administration was thus the turning point in the treatment of 
Thalassaemia. The subcutaneous infusion is administered via a catheter using 
a controlled delivery pump of which there are new designs being developed 
(Fielding and Wonke, 1992). This enables the drug to be delivered slowly over 
a period of 8-12 hours, usually overnight. This has the effect of maintaining a 
steady state plasma drug level and thus more iron is excreted as a result of the 
chelatable iron pool being continuously exposed to the drug rather than 
intermittently. Subcutaneous delivery has thus remained the dosing route of 
choice although both oral (Callender and Weatherall, 1980; Jacobs and Ting, 
1980 and Kattamis at a!., 1981) and rectal (Kontoghiorghes at al., 1983) routes 
of administration have been tried with little success.

35



The development of desferrioxamine has not been restricted to the modes of 
delivery, rather various chemical modifications and delivery systems have been 
produced. These have been employed in an attempt to alter the toxicological 
effects of desferrioxamine, access previously unchelatable iron pools and aid in 
magnetic resonance imaging and radiotherapy. Desferrioxamine conjugated to 
both dextran and hydroxyethyl-starch (Hallaway et al., 1989, Gehlbach at a!.,
1993) has been used to improve retinal and renal recovery following ischemia 
(Hedlund etal., 1990, Gehlbach and Purple 1994). It has been demonstrated 
(Guilmette et al., 1978) that liposome encapsulated desferrioxamine has a 
longer plasma half life than that of native desferrioxamine and that it is also 
better able to access the iron pools in the parenchymal and kupffer cells (Lau et 
al., 1981).

The uses of desferrioxamine are not restricted to the chelation of excess iron, 
subsequently trials have seen desferrioxamine being used in haemodialysis 
patients with aluminium overload (Ackrill et al., 1980) and has been 
demonstrated that it could slow the clinical progression of Alzheimer’s disease 
associated dementia (Mclachlan etal., 1991). The major obstacle to successful 
radioimmunoimaging and radioimmunotherapy is the often the low target to 
background ratio that is caused by free labelled antibody or accumulation in 
non-specific organs. Biotin conjugates of desferrioxamine could provide an 
advantage over directly labelled antibodies in that, desferrioxamine has a high 
affinity for trivalent metals (and thus can chelate Ga® )̂. Their rapid clearance 
reduces background (Roseborough, 1993) and the tetravalency and high 
affinity of streptavidin for biotin may provide an amplification step for target 
bound streptavidin-antibody conjugates. Other such radio-labelled 
desferrioxamine conjugates have successfully used in the detection of venous 
thrombi (Yamamoto et al., 1988) and colon carcinoma (Ryser et al., 1992). 
Cerebral malaria is a severe complication of Plasmodium falciparum infections 
in children. Desferrioxamine has being experimentally used to treat patients 
and has been shown to reduce parasitaemia (Bunnag et al., 1992) and 
enhance recovery from deep coma (Gourduek et al., 1992). It works by 
chelating the available iron (Raventos-Suarez et al., 1984) and acts 
preferentially on the late trophozoite/ early shizont stage (Atkinson et al., 1991). 
Neuroblastoma (NB) is a tumour of varying malignancy that usually arises in 
children and young adults. It has been shown that these tumours are 
particularly sensitive to growth inhibition using desferrioxamine (Blatt and 
Stitely, 1987, Blatt etal., 1988), with jdoseand time dependent cytotoxicity of NB 
cells being demonstrated in two children with Evans Stage IV disease (Becton
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and Bryles, 1988). It is known that iron is required for cellular proliferation. 
Brodie etal., (1993) demonstrated, that in the growth inhibition of NB cells, 
desferrioxamine acts by blocking the cell cycle at the or prereplicative stage. 
Transition metals and in particular iron are able to catalyse the generation of 
oxy-radical species (Aust et a!., 1985). Desferrioxamine has been shown to 
have a protective effect during ischemia (Williams et a!., 1991). This is as a 
result of not only the ability of desferrioxamine to chelate iron (and thus 
decrease the amount of free radical generating catalyst) but also acts directly as 
a scavenger of some free radical species such as superoxide (Sinaceur et a!.,
1984).

2.1.2.2 Desferal Metabolism and Analysis

During the development of desferrioxamine in which the tissue distribution was 
being examined in nephectomized dogs (Peters etal., 1966) it was ascertained 
that the iron-free form underwent rapid metabolism with renal excretion of the 
iron-complexed form. Further studies by Meyer-Brunot and Keberle (1967) 
demonstrated that desferrioxamine was metabolised to varying degrees by 
various different animal tissues (e.g. pancreas, liver and small intestine). There 
was no metabolism in the plasma of man, hamster, dog, guinea-pig and cebus 
monkey but there was a marked effect with the plasma from rat, mouse and 
rabbit (Kemp et al., 1993). The enzyme involved in the rat plasma metabolism 
was reported to be in the a2-macroglobulin fraction (Meyer-Brunot and Keberle, 
1967). Desferrioxamine which can be considered as a “small peptide" 
undergoes a variety of metabolism steps which can be likened to that which 
occurs with the basic amino acid lysine (Grove et al., 1970). The region of 
metabolism is almost exclusively at the N-terminal region and the metabolites 
are formed as a result of oxidative deamination, p-oxidation, decarboxylation 

and N-hydroxylation reactions (Singh et al., 1992). Four major metabolites are 
formed as a result and their respective metabolism pathways are shown in 
figure 10.
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Figure 10 An overview of the metabolic pathway of DFO (Singh etal., 1990)

The reactions which result in the formation of metabolites A, B and C do not 
occur extracellularly and are thought to occur probably in the liver mitochondria. 
The existence of metabolite D was originally identified by Singh et a!., (1990) 
and has subsequently been synthesised and it's structure proven (Roggo and 
Peter, 1993). Although the majority of metabolism of desferrioxamine occurs at 
the N-terminus, metabolism at the C-terminus may also occur. This would give 
rise to metabolites which are unable to chelate iron and would therefore be 
difficult to detect or quantify. Evidence for the existence of potential non-iron 
binding is demonstrated by the fact that desferrioxamine incubated in rat 
plasma at either room temperature, 4°C or -20°C was unable to chelate iron 
after a period of a two weeks (personal observations). Castignetti et ai. (1988) 
also demonstrated that some gram negative bacteria are able to degrade 
desferrioxamine to it’s monohydroxymate constituents and it is unlikely that 
these would be able to chelate iron.
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The original methods for analysis of desferrioxamine was developed by Keberle 
etal. (Ciba communication 1962). This was limited by the fact that it could only 
estimated the total amount of desferrioxamine (including ferrioxamine). In 1964 
Fielding and Brunstrom developed a method that was able to independently 
determine the concentration of both un-chelated and chelated desferrioxamine 
in urine. The method was based on the decolouration of ferrioxamine by 
sodium ethylenediamine tetracetic acid (EDTA) at low pH. Meyer-Brunot and 
Keberle (1967) developed a method which included a benzyl alcohol extraction 
and a prior de-proteination with trichloroacetic acid (for plasma samples). 
Samples were subsequently read in a spectrophotometer at 430 nm. This was 
an improvement on the method of Fielding and Brunstrom in that it was able to 
estimate concentrations of desferrioxamine at an order of magnitude lower 
(5|xg.ml'^). These methods remained unchanged apart from an alternative 

method of producing the ferrioxamine standard (Barry and Cartei, 1968) until 
the development of an hpic method by Cramer etal. (1984). A silica gel column 
and EDTA (in the mobile phase) were used. Using these conditions and with 
monitoring at both 220 nm and 430 nm they were able to detect both 
desferrioxamine and ferrioxamine or ferrioxamine alone respectively. This 
method still had the drawback that the EDTA (used to chelate any residual iron 
from the chromatographic system) is also able to scavenge iron from 
ferrioxamine (Singh etal., 1990). At the same time an alternative detection 
methods using atomic absorption spectrometry (Allain et al., 1986, 1987) and 
inductively coupled plasma atomic emission spectrometry (Bourdon et al., 
1987) were also developed. Although more accurate these methods are 
unable to distinguish or quantify metabolites as they only measure atomic iron 
and the drug concentration is back calculated. Further improvements such as 
using titanium and PTFE tubing (Kruck etal., 1988), polymer columns (Jenny 
and Peter, 1988) and the use of nitrilotriacetic acid (NTA) as a complexing 
agent in the mobile phase (Singh etal., 1990) have been made. This has led to 
the most sensitive method yet developed (Singh et al., 1992). In this method 
radioactive iron (Fe® )̂ is used to chelate any unbound drug and a simultaneous 
uv-visible and radioactive detector are employed. The Fe®̂  is used to both 
stabilise any unbound drug which limits metabolism and allows very low 
amounts of drug to be detected. Also to increase accuracy an analogue of 
desferrioxamine, DFO-E is added prior to the addition of the Fe^^as an internal 
standard.
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2.1.2.3 Desferrioxamine and microbiai pathogenicity

All bacteria require iron for growth. For pathogenic bacteria to be successful 
they have evolved mechanisms to compete in the host’s highly iron-stressed 
environment. This is because most of the iron in a mammalian body is 
intracellularly complexed with various proteins (ferritin, haemoglobin, etc.) or is 
bound to high affinity iron transport proteins such as the transferrin (Crichton 
and Charloteaux-Wauters, 1987). There are several strategies that have 
evolved in which bacteria can take up iron from their environment. These 
include the endogenous production of siderophores such as aerobactin (Payne, 
1980), the utilisation of exogenous siderophores or host iron proteins 
(Wooldridge and Williams, 1993) and even the utilisation of either ferric or 
ferrous iron (Bezkorovainy, 1986).

Although desferrioxamine is a siderophore that is produced by fungi there are a 
variety of pathogenic bacteria and fungi that have a selective growth advantage 
in iron overload conditions (Porter, 1996) or are able to utilise a variety of the 
chelated forms of ferrioxamine (Berner and Winklemann, 1990) as an iron 
source. Rhlzopus.rhizopodiformis is one of the commonest infective 
complications (mucormycosis) of patients undergoing dialysis treatment 
associated with desferrioxamine therapy (Boelaert et a!., 1993, Verdonck et al.,
1993). The growth effect is chelator class specific since in a comparative 
experiment with a hydroxypyridone chelator, LI (Boelaert et a/., 1994) only 
desferrioxamine and not the LI was able to stimulate the growth of Rhizopus by 
seven-fold.

Sepsis and death as a result of transfusion with blood contaminated with 
Yers\n\a.enterocolitica is an increasing problem (Gibb etal., 1994). This is a 
concern for any patient undergoing procedures requiring blood transfusion, but 
it is of greatest concern to patients requiring frequent transfusion. This is 
especially true for thalassaemia patients in that not only do they need regular 
transfusion but the ferrioxamine produced as a result of the desferrioxamine 
therapy can increase their susceptibility to Yersmla.enterocolitica infections 
(Robins-Browne and Prpic, 1985). The increased susceptibility is a result of 
both the Yersinia being able to utilise ferrioxamine via a high affinity receptor, 
FoxA (Baubler and Hantke, 1992, Baumler et al., 1993) and that 
desferrioxamine impairs the microbicidal effect of macrophages (Ewald et al.,
1994) by possibly reducing hydroxyl radical production (Chopra etal., 1992, 
Morel etal., 1992, Herbert etal., 1994).

40



Although Escherichia.co// is a common cause of gastrointestinal infections 
(Gray, 1995) it is not an associated infection with iron chelation therapy even 
though it possesses a receptor, FoxB (Nelson et al., 1992) for ferrioxamine 
uptake. Ferrioxamine receptors (e.g. FoxR) are not confined to mammalian 
associated bacteria, rather they have also been identified on a variety of 
pathogenic plant bacteria (Berner and Winkelmann, 1990, Sauvage et al., 
1996, and Kachadourian et al., 1996) such as Erwinia.amy/ovora which cause 
fire blight on a sub-family of the Rosaceae (Pomoïdeae).

2.1.3 Iron Chelators

Iron forms it’s most stable complex with chelating compounds when bound to 
six atoms of oxygen (Porter etal., 1989). These can be provided by a variety of 
compounds useful for the treatment of iron overload that can take the form of 
either bidentate, tridentate or hexadentate ligands depending on the number of 
oxygen atoms provided by each molecule of chelator (figure 11). This results in 
the chelator to iron ratio varying from 3:1 to a 1:1 since it requires three 
molecules of a bidentate chelator and only one molecule of a hexadentate 
chelator to provide the necessary six oxygen atoms to form the tight cage that 
prevents the iron from participating in catalysing free radical production.

,Fe . Fe

O ' O '

Bidentate Tridentate Hexadentate

Figure 11 A schematic representation of octahedral iron(lll) complexes with 
Bidentate, Tridentate and Hexadentate ligands

The iron chelators can be divided into five groups depending on the functional 
moiety. These are the hydroxamates, hydroxypyridinones, catecholates, amino 
carboxylates and orthosubstituted phenolates. In the choice or design of an
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iron chelator there are a number of theoretical properties (table 4) that are 
important to achieve safe and effective chelation (Porter etal., 1989).

1. High Affinity for Iron (III)
2. Low affinity for other physiological ions e.g. Ca^  ̂or
3. Good oral bioavailability
4. Penetration of tissues and cells with abnormal iron accumulation
5. Easily excreted via the kidneys or liver only when in an iron complex.
6. No redistribution of iron to potentially more toxic sites
7. Non-toxic
8. No metabolic degradation
9. Achieve negative iron balance in mildly overloaded patients
10. Not assist opportunistic bacterial or fungal growth
11. Cheap to manufacture

Table 4 The theoretical properties of an ideal iron chelator

2.1.3.1 Hydroxymates

The hydroxy mate group of iron chelators are mainly composed of hexadentate 
ligands but there are also a few compounds that have bidentate co-ordination 
chemistries. Of the bidentate chelators rhodotorulic acid, fusarinine and 
cholylhydroxamic acid are the best known examples. Rhodotorulic acid is a 
dipeptide that is produced by Rhodotorula pilimanae and other related yeasts in 
large quantities (Neilands, 1981). Although it is a bidentate chelator it chelates 
iron in an iron to ligand ratio of 2:3 (Matzanke et a/., 1989) and the three 
molecules of rhodotorulic acid are designated by the Fe (3) in the structural 
formula (see figure 5). The functional unit of fusarinine is believed to be a cyclic 
trimer called fusarinine C or fusigen which is stabilised by N-acylation 

(Neilands, 1981).
H

C— N

Figure 12. The structure of the rhodotorulic acid iron complex.
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The other groups of hydroxymates include the ferrioxamines, ferrichromes, 
citrate-hydroxymates and mycobactins and are generally hexadentate in their 
iron co-ordination chemistries. Of these groups the ferrioxamines are the most 
significant in terms of pharmaceutical interest. They have been characterised 
as A, B, C, D1, D2 E, F, G and H (Bickel\ 1960, Hossain et al., 1983) and exist 
as either linear or cyclic forms (Neilands, 1981). Ferrioxamine B is the best 
known form of the ferrioxamines since, it is the iron replete, methane sulphonic 
acid salt form (Desferal®) that is commercially available for the treatment of 
various iron-overload diseases. Although it was mentioned earlier that the 
ferrioxamines are generally hexadentate, ferrioxamine H has been found to be 
only pentadentate (Adapa etal., 1982).

Ferrichromes are based round a cyclohexapeptide structure in which one 
tripeptide consisting of glycine, alanine or serine is linked to a second tripeptide 
of N^-acyl- N^-hydroxyornithine (Matzanke et al., 1989). Citrate-hydroxymates 
have three family members, aerobactin, schizokinen and arthrobactin and are 
derivatives of citric acid in which the end carboxyl groups are substituted with 
hydroxamate groups. The mycobactins are siderophores of mycobacteria and 
are a chemical hybrid between the hydroxymate and phenolate-catecholate 
classes of chelator. They have a unique feature in that they are lipid soluble (in 
both free and iron complex) and operate in conjunction with extracellular water 
soluble chelating agents, called exochelins (Gobin, 1995, Gobin and Horwitz, 
1996).

2.1.4.2 Catechols

Like the hydroxymates catechols have molecules that are either hexadentate or 
bidentate in their iron co-ordination chemistry. Enterobactin, (see figure 6) 
isolated from S. typhimuriumin (Pollack and Neilands, 1970) is a hexadentate 
chelator that has a stability constant of 10®̂  (Harris et al., 1979) which is the 
highest affinity known for iron. It is composed of three 2,3-dihydroxy-N- 
benzoylserine residues (which are shown in the insert of figure 13) linked by a 
cyclic polyester. Unfortunately enterobactin is difficult to isolate in large 
quantities and as a result the singular catechol (bidentate) moiety of 
enterobactin, 2,3-dihydroxybenzoic acid (2,3-DHB) was assessed as a potential 
therapeutic. A study (Peterson etal., 1979) in 15 thalassaemic patients failed to 
show any benefit over a one year period which may be a result of humans 
being unable to produce the active metabolite in vivo (White et al., 1976). 
Furthermore bidentate catechols don’t form 3:1 complexes at physiological pH,
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rather they form a mixture that includes the 2:1 species (Hider et al., 1981) 
which still enables the iron atom to generate hydroxyl radicals.

OH

.OH

HN

h h n

1
O

OH

HO. OH

HO

Figure 13. The structure of enterobactin (Hershko and Weatherall, 1988)

Agrobactin and parabactin are the other major members of the catechol group 
and are both linear in structure. Both molecules are on three catechol groups 
linked to a spermidine backbone. The only difference is that parabactin 
contains two 2,3-DHB residues and one salicyl residue (Peterson et a!., 1980) 
and agrobactin contains three 2,3-DHB residues (Ong etal., 1979).

2.1 .3 .3  Hydroxypyridinones

The hydroxypyridinones are bidentate ligands that are closely related to 
hydroxypyridine-N-oxide and are based around a substituted benzene ring with 
a hydroxyl group in the 3 position (see figure 14). These group of compounds 
were originally designed by Hider and colleagues (Hider et al., 1982) and they 
combine aspects of both hydroxymate and catechol groups (Bradley, 1992).
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OHR
Figure 14 The structure of a typical hydroxypyridinone molecule

There are three types of hydroxypyridone, the 3-hydroxypyridin-4-ones, 3- 
hydroxypyridin-2-ones and 1 -hydroxypyridin-2-ones. The 3-hydroxypyridin-4- 
ones have a high bioavailability (Kontoghiorghes et al., 1990) and the highest 
affinity constant for iron, 10̂  ̂ (Scarrow at a!., 1985) and are subsequently the 
compounds of most pharmaceutical interest. A series of derivatives of the 3- 
hydroxypyridin-4-ones have been synthesised and the experimental effects of a 
few of them (CP20, CP21, CP22, CP51 and CP94) have been reviewed by 
Porter at al, 1989 and Hider at al, 1992. CP20, LI or Deferriprone is now the 
only other iron chelating drug that is undergoing clinical trials for the treatment 
of iron-overload diseases. Despite the fact that it is given in quite high doses of 
approximately 55-80 mg Kg'  ̂ (Tondrury at al., 1990) and there have been 
incidences of agranulocytosis (Bartlett at al., 1990, Olivieri, 1996). Although 
hydroxypyridinones are bidentate chelators a hexadentate analogue C P I30 
(Gyparaki at al., 1987) has also been synthesised. Experiments have 
demonstrated that CPI 30 caused significant iron excretion (Streater at al., 
1990) in rodents but has a lower bioavailability than the bidentate 
hydroxypyridinones due to it's higher molecular weight. The hydroxypyridones 

also have toxicity problems related to the class and these are caused by both the 
release or redistribution of iron to many tissues due to the fact that at low 
chelator concentrations the 3:1 complex can dissociate to give 2:1 or even 1:1 
complexes. In the cases of the 2:1 and 1:1 complexes the iron is not fully 
chelated and can still take part in free radical generation and the iron can also 
deposit in inappropriate parts of the body.

2.1.3.4 Aminocarboxylates and orthosusbtituted phenolates

Ethylenediamine-tetra-acetate (EDTA) and diethylenetriamine penta-acetic acid 
(DTPA) are hexadentate ligands and are the best known examples of the group 
of chelators known as the aminocarboxylates. Although they have relatively 
high stability constants they have a lack of oral activity and a low selectivity for 
iron that leads to zinc depletion (Pippard at al., 1986). Despite these problems 
with DTPA it is used as an alternative iron chelator in patients who develop
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side-effects from Desferal treatment. DTPA has a net neutral charge and as a 
result remains extracellular with the iron complex being excreted solely in the 
urine (Hershko etal., 1978). In an attempt to improve the selectivity of the 
chelators in this class derivatives of EDTA containing both phenolic and 
carboxylate functions were synthesised (L’Eplattenier et al, 1967). Of the 
compounds produced N,N',-bis [2-hydroxybenzyl]-ethylene diamine-N,N',- 
diacetic acid (HBED) and N,N’-ethylene-bis 2-hydroxyphenylglycine (EHRG) 
are the most interesting. EHRG and HBED are able to chelate iron more 
efficiently than desferrioxamine (Hershko et ai, 1982) but EHRG has been 
shown to be in significantly toxic (Rosenkrantz etal., 1986). In a phase I clinical 
trial, orally administered HBED (which is significantly less toxic than EHRG) did 
not achieve negative iron balance (Hershko etal., 1984, Grady etal., 1994) and 
thus the dimethylester derivative was synthesised. Although the dimethyl- 
HBED is orally active it may still have similar long term toxicity effects similar to 
DTRA due to the presence of the two carboxylate groups (Sillen et al., 1971). 
The orthosubstituted phenolates chelate iron as either bi or tridentate ligands of 
which desferrithiocin and another aryl hydrazone, pyridoxal isonicotinyl 
hydrazone (RIH) are the most studied representatives. Desferrithiocin is a 
natural tridentate siderophore (see figure 15) that is produced by Streptomyces 
antibioticus (Reter, 1983).

OH

CM

COOH

Figure 15 The structure of Desferrithiocin

Desferrithiocin is an orally active compound that is three times more effective 
than desferrioxamine (Longueville and Crichton, 1986) but shows toxic effects 
in hepatocyte cultures and a non iron-loaded rat model (Baker^ e f al., 1992 and 
Bergeron et al., 1993). Although the compound is no longer under 
development as an iron chelator it could be exploited to inhibit graft rejection by 
virtue of it's ability to inhibit cytotoxic lymphocyte (CTL) activity (Bierer and 
Nathan, 1990).
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PIH which is also a tridentate chelator has been shown by Hoy et al. (1979) to 
increase feacal excretion of iron and that it is able to mobilise Fê  ̂ from 
reticulocytes (Ponka et a/., 1984). Dialysis experiments have shown that the iron 
is chelated from the intracellular pool and not by extracellular chelation (Baker 
et a/., 1985). No toxicity has been demonstrated in either rats or hamster 
studies (Brittenham et a/., 1987) but a ten week study in rats showed no 
reduction in hepatic iron stores (Williams et al., 1982). Despite the lack of oral 
efficacy, salicyaldehyde analogues of PIH may have a potential use as 
therapeutic anti-cancer agents in that they were more efficient than 
desferrioxamine in preventing proliferation of the human neuroblastoma cell 
line SK-N-MC (Richardson, et al., 1995).

Antibodies and antibody fragments are widely used in both scientific research 
and medicine as tools for detection and analysis as well as therapeutic agents. 
The approaches to producing antibodies have changed dramatically over the 
past twenty years that has seen classical antibody generating techniques 
(polyclonal antibodies) aided by or in some cases superseded by both tissue 
culture (monoclonal antibodies) and molecular biological (single chain 
antibodies) methodologies. Although the more recent techniques can provide 
antibodies or antibody fragments that can have a wider range of reactivities, due 
to a reduction or abscence of MHC restriction or inability to generate an immune 
response there is still a use for conventionally generated types of antibodies.
It is the main aim of this thesis to demonstrate that antibodies generated by 
methodologies at either end of the spectrum in terms of chronology and technical 
difficulty have a role in both the pharmaceutical drug development and discovery 
processes.
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2.2 METHODS

2.2.1 Antibody production and purification

Compounds of molecular weight of less than 1 kDa are not normally antigenic 
(Erlanger, 1980). Antibodies can be generated by immunisation using 
conjugates of low molecular weight molecules covalently linked to proteins or 
synthetic polypeptides. To develop an antibody to desferrioxamine (DFO) 
which is a small molecular weight drug, carrier-hapten conjugates using both 
BSA and KLH were prepared. Conjugation was carried out using the bi
functional linker SPDP since this permits the coupling of DFO through both its 
and the carrier protein’s amino groups (Carlsson et al., 1978). This has two 
advantages since BSA has a larger number of these groups present than the 
sulphydryl groups of cysteine residues (Erlanger, 1980). The two different 
conjugates were prepared to enable an alternating immunisation schedule to 
be used, since it is possible to get a reduction of the anti-hapten response by 
carrier mediated suppression (Herzenberg etal., 1973). To detect any anti-DFO 
antibodies a third conjugate of DFO coupled to biotin was prepared as this 
enabled a different coating antigen to be used in the ELISA assay.

2.2.1.1 Preparation of immuno and biotinylated Desferrioxamine
conjugates.

Preparation of BSA-Desferrioxamine conjugate

28 mg of BSA was dissolved in 3 ml of 1M borate buffer pH 8.0. 28 mg of SPDP 
was dissolved in 300 pi DMSG and added dropwise to the BSA solution and 
incubated for 2 hours at 22°C. The mixture was dialysed against 1 M PBS pH
7.4 at 4°C for 17 hours to remove any un-reacted SPDP. The mixture was 
reduced with 25 mM DTT for 2 hours at 22°C to produce BSA with attached 

sulphydryl groups (BSA-SH). The mixture was then dialysed against 100 mM 
EDTA in 1 M PBS at 4°C for 17 hours. The BSA-SH was centrifuged at 1000 g 

for 5 minutes to remove unwanted reaction products. 10 mg of SPDP, 30 mg of 
DFO and 4.8 pi of NMM were dissolved in 300 pi of DMSO. The BSA-SH was 
incubated with this mixture for 1 hour at 22°C. The resulting BSA-DFO 

conjugate was centrifuged at 1000 g for 5 minutes then dialysed against 1 M 
PBS at 4°C for 17 hours. DFO concentration was determined by spectroscopy 
at 430 nm. If the DFO concentration in any one batch was below 400 pg/ml it 
was concentrated by placing the conjugate in prewetted dialysis tubing which

48



was covered with PEG (6000 Da) for 40 minutes at 4°C. The BSA-DFO was 
stored in 500 pi aliquots at -80°C. The chemical reaction scheme for the 

conjugation is shown in figures 16 and 17.

Preparation of KLH/DFO Conjugate

15 mg of KLH was dissolved in 6 ml of 1M Borate Buffer pH 8.0. |22.5mg of SPDP 
was dissolved in 500 pi DMSO, added dropwise to the KLH solution and 
incubated for 2 hours at 22°C. The mixture was dialysed against 1 M PBS pH
7.4 at 4°C for 17 hours to remove any un-reacted SPDP. The mixture was 
reduced with 25 mM DTT for 2 hours at 22°C to produce KLH with attached 

sulphydryl groups (KLH-SH). The mixture was then dialysed against 100 mM 
EDTA in 1 M PBS at 4°C for 17 hours. The KLH-SH was centrifuged at 1000 g 

for 5 minutes to remove unwanted reaction products. 20 mg of SPDP, 30 mg of 
DFO and 5 pi of NMM were dissolved in 400 pi of DMSO. The KLH-SH was 
incubated with this mixture for 1 hour at 22°C. The resulting KLH-DFO 

conjugate was centrifuged at 1000 g for 5 minutes then dialysed against 1 M 
PBS at 4°C for 17 hours. DFO concentration was determined by spectroscopy 
at 430 nm. If the DFO concentration in any one batch was below 400 pg/ml it 
was concentrated by placing the conjugate in prewetted dialysis tubing which 
was covered with PEG (6000 Da) for 40 minutes at 4°C. The KLH-DFO was 
stored in 500 pi aliquots at -80°C. The chemical reaction scheme for the 

conjugation is shown in figures 16 and 17.
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Figure 16 Thiolation of protein with SPDP using DTT reduction.
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Figure 17 Introduction of 2-pyridyl disulphide group onto DFO and conjugation 
to thiolated protein.

Determination of DFO Concentration.

A 50 pi of either BSA-DFO or KLH-DFO conjugate was mixed with an equal 
volume of a 1M FeCl2 in water and allowed to react for 5 minutes. The 
conjugate/FeCl2 solution mix was diluted to 1 ml and the O.D at 430 nm read. 
This was repeated for the FeCl2 solution alone. The O.D. of the FeCl2 solution 
was subtracted from that of the conjugate/FeCl2 solution mix and DFO.
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Preparation of Blotln-FO or DFO Conjugate

50 mg of Biotin-LC-NHS was dissolved in 1 ml DMF. 100 mg of FO and 50 [i\ of 
NMM was dissolved in 2 ml of deionised H2O. The Biotin-LC-NHS was added 

dropwise to the FO solution and then incubated for 4 hours at 22°G. the reaction

scheme is shown in figure 18. The Biotin-LC-FO was purified by passing the 
mixture down a LH-20 chromatography column using dd H2O as the mobile 

phase. 500 pi fractions were collected. The fractions that contained FO (as 
noted by the orange colour of the solution) were retained and stored at 4°G until 
analysed for purity and biotin concentration. FO concentration was not directly 
determined since FO conjugates with Biotin in a 1:1 ratio (Rosebrough, 1993) 
therefore the concentration of FO was determined by multiplying the molar 
concentration of Biotin by the molecular weight of FO. Biotin-LG-DFO was 
prepared in the same manner but 50 pi of a saturated FeGla solution was added 
to a 50 pi aliquot of each fraction. Only samples that turned orange were 
retained and stored at 4°G until analysed for purity and biotin concentration.

NaOaS,

—O— C— (CH2)5—N —C-(CH2)4 
H

FO —  NH2.MeS03

NMM  

 ►

O

FO —  N— C— (CH2)5— N —C-(CH2)4 
"  H

NaOaS,

N-OH

Figure 18 The reaction scheme for the conjugation of Biotin-LG-NHS and FO 

Analysis of Biotin-LC-FO fractions by hpic

The purity of the fractions was assessed by hpIc on a Waters (Watford, Hertford, 
UK) hpic using a G18 Novapak cartridge column with a 50% PBS : 50%  
acetonitrile mobile phase at a wavelength of 430nm. The hpic conditions and 
buffer gradient are shown in table 5.
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Injection Volume 20 1̂
Temperature Ambient (18-26 °G)
Solvent A 20 mM PBS pH 7.0 + 4 mM NTA
Solvent B 50% 20 mM PBS pH 7.0 : 50%

acetonitrile [4 mM NTA in final solvent]
Flow rate 1.0 ml/minute

Gradient Time/minutes %A %B
0 95 5
20 60 40
21 95 5
25 60 40
30 95 5
36 95 5

Table 5 hpic and buffer conditions for Biotin-FO purification.

Determination o f biotin concentration.

Biotin concentration can be determined by using the phenomenon that biotin 
can displace HABA from avid in in a concentration dependent manner. HABA 
forms a complex with avidin which produces a red colour which is determined 
by spectroscopy at 500 nm (Green, 1965). The addition of biotin, which has a 
higher affinity than HABA for avidin causes the displacement of the HABA (the 
colour changes from red to yellow) and a subsequent proportional decrease in 
O.D. A standard curve of Biotin displacement is determined by adding aliquots 
of biotin at a known concentration to a pre-determined amount of HABA/avidin 
complex (Green, 1965). A diagrammatic scheme of the reaction is shown in 
figure 19. 25 pi of HABA (10 mM in 10 mM NaOH) was added to 1 ml of avidin 
(0.5 mg/ml) and the O.D. at 500 nm was measured. Biotin (122 pg/ml) was 
added in 10 pi increments and the O.D. at 500 nm was recorded. This was 
repeated for the Biotin-LC-FO but this was added in 1 pi amounts up to 6 pi.
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Figure 19 A diagrammatic representation of HABA displacement by biotin.

2.2.1.2 Immunisation and anaiysis of anti-ferrioxamine antiserum

DFO immunisation protocoi

Dutch rabbits (Harlen-Olac) aged 16 weeks were each injected subcutaneously 
with alternating BSA-DFO and KLH-DFO conjugates mixed (1:1) with Freund's 
incomplete adjuvant in accordance with the protocol in table 6. The final 
volumes of the inocula varied between 500 pi and 2 ml depending on the 
concentration of the batch of conjugate. 500 pi test bleeds (withdrawn from the 

peripheral ear vein) were taken 2 weeks after each injection and the serum 
assessed for antibody titre. Serum was collected when a maximum titre had 
been reached.
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Status Time (Months) Conjugate Blood sampling

Pre-immune 0 N/A Pre-bleed
Prime 0 450 ng BSA-DFO No
1 ° Boost 1 300 lag KLH-DFO Yes
2° Boost 2 250 jLig BSA-DFO Yes
3° Boost 3 150 pig KLH-DFO Yes
4° Boost 6 150 pig BSA-DFO Yes
5° Boost 10 150 pig KLH-DFO Yes

Table 6 Antibody production immunisation scheme.

Isolation of serum

For test bleeds, 500 |il of blood was collected from the rabbit's peripheral ear 
vein and allowed to clot for 2 hours at 4°C. The blood was centrifuged at 1000 
g for 5 minutes to separate the serum, which is removed and stored at -20°C. 
Bulk serum from the final bleed was collected by cardiac puncture whilst the 
rabbit was under terminal halothane anaesthesia.

Analysis of antMerrioxamine serum.

A solid phase ELISA was performed to determine the titre of the antibody. DFO 
or FO which do not adhere to assay plates have been conjugated to biotin 
which is then bound to the surface of the assay plate which has been previously 
coated with streptavidin. This also ensures that the assay detection system 
does not contain any of the components (BSA or KLH) used in the immunisation 
other than DFO. A schematic diagram of the assay protocol used to detect for 
the presence of antibodies in rabbit serum is shown in figure 20.
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Figure 20 A diagrammatic representation of the ELISA assay.

Streptavidin was diluted to 1 pg/ml in 0.1 M carbonate coating buffer pH 9.6, 
added to the wells of a 96-well (Nunc Maxisorp) microtitre plate (100 pl/well) 
and incubated overnight at 22°C. The wells were washed four times with PBS 

containing 0.05% polysorbate 20 (PBS/Tween). Residual adsorption sites on 
the plate were saturated by incubation with 200 pi of PBS containing 0.1% 
casein (PBS/casein) for 1 hour at 37°C. The wells were washed four times with 

PBS/Tween. Biotin-FO was diluted to 20 ng/ml in PBS/casein and incubated in 
the wells (100 pl/well) for 2 hours at 22°C. The wells were washed four times 

with PBS/Tween. 100 pi of a serum sample (1/100 dilution) to be tested for the 
presence of antibodies to either DFO or FO were incubated in the wells for 2 
hours at 22°C. The wells were washed four times with PBS/Tween. A 

horseradish peroxidase conjugated goat anti-rabbit IgG Fc antiserum 
(Biogenesis, Poole, Dorset, UK) was diluted 1/2500 and incubated in the wells 
(100 pl/well) overnight at 4°C. The wells were washed four times with 

PBS/Tween. The enzyme conjugated antiserum that had remained bound after 
washing was detected by incubating the plate with 100 pl/well of 2.5 mg/ml OPD 
(horseradish peroxidase substrate) for 20 minutes in the dark. The reaction was 
stopped by the addition of 100 pl/well 1M MCI. The colour was measured using 
a Dynatech MR600 microtitre plate reader at 490 nm.
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2.2.1.3 Purification of anti-ferrioxamine antibody.

Protein-A purification of poiycionai igG antibodies

5 ml protein A-agarose was poured into a chromatography column and washed 
with six volumes of 0.1 M Tris buffer pH 7.5. The rabbit serum containing anti- 
FO antibodies was diluted two fold with Tris buffer and added to the protein A- 
agarose. Unbound proteins were removed by washing the column with six 
volumes of Tris buffer. The IgG was eluted off the column with three volumes of 
0.1 M glycine buffer pH 3.0 and collected as 1 ml fractions into tubes containing 
28 pi of 1 M Tris. The fractions which were positive for protein content were 
checked for purity by SDS PAGE under reducing conditions. Fractions 
containing only IgG were pooled, re-checked for protein concentration and 
stored at -20°C.

Poiyacryiamide gei eiectrophoresis (PAGE).

SDS-PAGE was performed essentially as described by Laemmli (1970) using 
pre-cast 12.5% gels run on the Phast system (Pharmacia, Uppsala, Sweden). 
10 pi samples were mixed 1:1 with reducing loading buffer, (2 % SDS, 80 mM 
Tris, 10 % glycerol, 50 mM p-ME 0.01 % BPB) and incubated in a water bath at 
100°C for 2 minutes. 6 was applied to each lane. The gel was run at 100 v 

and 20 mA volts until the dye front just reached the end of the gel. The gels 
were stained in 0.2 % Coomassie Brilliant Blue G-250 (Bio-Rad, Watford, 
Hertfordshire, UK), 25 % methanol, 10 % acetic acid and de-stained using 45%  
methanol, 7% acetic acid.

Protein determination.

The protein concentration of the IgG fractions was determined using a Bio-Rad 
protein assay kit. 20 1̂ of sample or standard were mixed with 1 ml of a 20%  

dilution of the stock dye reagent (Coomassie Brilliant Blue G-250, phosphoric 
acid and methanol), mixed by vortexing and incubated at 22°C for 10 minutes. 
The optical density of each sample was determined using a Perkin-Elmer 5000 
spectrophotometer (Perkin-Elmer,Warrington, Cheshire, UK) at 595 nm. Protein 
concentration was determined with reference to a BSA standard curve (0-1.0 
mg/ml).
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2.2.2 Antibody characterisation

2.2.2.1 Analysis of antibody binding to desferrloxamlne and 
desferrloxamlne analogues

Desferrioxamine E (DFO-E) and its iron chelated form, ferrioxamine E (FO-E) 
(figure 21) are the cyclic analogues of DFO and were supplied by Dr H.H. Peter 
(CIBA, Basle, CH). These compounds have a similar molecular shape to 
ferrioxamine (figure 9) (Singh et a!., 1992) and were thus used to determine 
whether the 3-D structure is important in antibody binding.

H ?

/  \  
(H;C)s (C H *

\ I

I

/ A\  /
(C H * ^  '^O —  Fê *— 0  (CH2)s
I /  \  \

o = c  ?  ?

' ^ ( C H 2 ) s ^  ^ ( C H 2 > 2 ^  O

Figure 21 The chemical structure of ferrioxamine E (FO-E).

The specificity of the antibody was determined using a series of competition 
ELISA assays where test compounds in solution were used to compete with the 
bound antigen for the binding of the antibody. A diagrammatic representation is 
shown in figure 22.
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Desferrioxamine and desferrioxamine E experiments

Streptavidin was diluted in 0.1 M carbonate coating buffer pH 9.6, added to the 
wells of a microtitre plate (100 pl/well) and incubated overnight at 22°C. The 

wells were washed four times with PBS/Tween. Residual adsorption sites on 
the plate were saturated by incubation with 200 pi of PBS/casein for 1 hour at 
37°C. The wells were washed four times with PBS/Tween. Biotin-FO (427 

pg/ml) was diluted to 1 ng/ml in PBS/casein and incubated in the wells (100 
pl/well) for 2 hours at 22°C. The wells were washed four times with 

PBS/Tween.

Streptavadin

ANTI-DRUG Ab 

TEST COMPOUND

BIOTIN-DRUG
CONJUGATE

o o
o

o

Streptavadin

SUBSTRATE

ANTI-SPECIES Ab/HRP

ANTI-DRUG Ab

BIOTIN-DRUG
CONJUGATE

Figure 22 A diagrammatic representation of the competition ELISA assay.
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The competing compounds were diluted in PBS/casein on a molar b^sis in 
accordance with table 7.

Molar concentration 
of Competitor (pM)

Equivalent Gone 
of FO (ng/ml)

3.5 2500.0
1.4 1000.0
0.7 500.0
0.35 250.0
0.14 100.0
0.07 50.0
0.035 10.0
0.0175 5.0
0.0035 1.0
0.00175 0.5
0.00035 0.1
0.0 0.0

Table 7 Molar concentrations of competitors and equivalent FO 
concentrations.

The FO standards were added (50 pl/well) to twelve sets of duplicate wells. The 
rabbit anti-ferrioxamine antibody was diluted 1/1500 in PBS/casein and added 
(50 pl/well) to the same set of wells, mixed on a micro shaker for 30 seconds 
and incubated for 2 hours at 22°C. The compounds used for comparison were 

prepared on a molar equivalent basis and treated the same way as the FO 
standards. The wells were washed four times with PBS/Tween. A horseradish 
peroxidase conjugated goat anti-rabbit IgG Fc antiserum was diluted 1/5000 
and incubated in the wells (100 pl/well) overnight at 4°C. The wells were 

washed four times with PBS/Tween. The enzyme conjugated antiserum that 
remained bound after washing was detected by incubating the plate with 100 
pl/well o-Phenylenediamine dihydrochloride for 20 minutes in the dark. The 
reaction was stopped by the addition of 100 pl/well 1M HOI. The colour was 
measured using a Dynatech MR600 microtitre plate reader at 490 nm. The 
amount of colour generated is inversely proportional to the amount of binding 
by the compound.
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Apotransferrin/Holotransferrin experiments,

Apotransferrin is the iron replete form of the iron transport protein transferrin 
which has a high affinity for iron. Although transferrin is able to sequester iron 
from its immediate environment it can’t remove iron from FO (Keberle, 1964). In 
contrast it has been demonstrated in dialysis experiments that DFO with an 
affinity constant of 10 1̂ mol/L'  ̂ (Peter, 1975) can release 17-21 % of transferrin 
bound iron (Baker^ et a i, 1992). To determine whether the presence of the iron 
atom played a part in the overall antibody recognition of the molecule a series 
of competition ELISA experiments were performed. These used differing 
concentrations of apotransferrin (10 îM and 100 \M )  which were added to the 

buffer used to dilute the competing compounds and the antibody. This was 
done to chelate any residual iron present in the buffer and was added before 
the competing compound was dissolved. Holotransferrin, which is the iron 
saturated form of transferrin, was used at the same concentrations as a control 
for the addition of the protein (apotransferrin) into the assay.

Desferrioxamine metaboiite anaiysis

Like many drugs, DFO undergoes metabolism as a result of its interaction with 
blood and liver (Singh et a i, 1990). There are a variety of metabolites that are 
formed as a result of these degredative processes (figure 23). To determine 
whether the N-terminus portion of the molecule is important in antibody binding, 
known metabolites (supplied by S.Clair, King's College, London, UK) that only 
differ in their structure at this end of the molecule were used. These metabolites 
still retain their iron chelating ability as they can be detected at 430 nm which is 
the absorbance wavelength used to measure the chelated parent molecule.
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Figure 23 The chemical structure of DFO and its major iron binding metabolites
(Singh et a i, 1990)

2.2.2.2 Antibody epitope anaiysis using deietion fragments and 
chemicai derivatives of desferrioxamine

Deietion fragments of desferrioxamine

To determine whether the C-terminus is important in antibody binding a series 
of desferrioxamine deletion fragments were tested. FG426/3, FG694 and 
FG692 (see figure 24) (supplied by Dr F.Gasparini, Ciba, Basle, CH) are a 
homologous series of fragments differing by the number of hydroxamate groups 
ranging from FG692 which has one hydroxymate to FG426/3 which has three.

MeSOa- H3N+'

FG426/3 OH

M6SO3- H3N+

FG694

MsSOs' H3N+
.OH

O

Figure 24 Deletion fragments of desferrioxamine.
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Analysis of chemical derivatives of desferrioxamine

To determine the effect of structual changes to DFO had on antibody binding a 
variety of structurally similar compounds (supplied by Ciba, Basle, CH) were 
tested in a series of competition ELISA's in a similar manner to those described 
in Section 2.2. The chemical structures of CGP29903, CGP42783, CGP43358 
and CGP47840A are shown in figure 25.

(CH2)2

/
0=0

\
NH

(C H 2)s (CH2)2

N O

OH O O

Figure 25 Chemical structures of CGP29903, CGP42783, CGP43358 and
CGP47840A
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2.2.2.3 pH profiling of antibody binding to desferrioxamine and 
metaboiite B

The main requirements of any analytical immunoassay are specificity, accuracy 
and reproducibility. The major metabolite found in man (Keberle, 1964) is an 
oxidised (COOH terminus) deamination product that has subsquently been 
identified as Metabolite B. Since it is the major metabolite present it was used 
as one of the compounds (along with DFO) that had to be correctly determined if 
the assay was to be able to accurately determine the concentration of iron- 
binding equivalents in any given sample. There is a charge difference between 
metabolite B and ferrioxamine that is a result of their N-terminal composition. At 
physiological levels of pH DFO is positively charged whilst metabolite B is 
negatively charged. To ascertain if pH was a determining factor with respect to 
antibody binding, a series of assays were performed in which the pH was 
altered and maintained by using strong buffering conditions. The assays were 
performed in a series different buffers ranging between 5.7 and 7.8 as shown in 
table 8. DFO and metabolite B were converted in situ by the addition of an 
equal volume of 1 mM ferric citrate to the sample buffer.

pH Buffer
5.7 0.3 M PBS
6.1 0.3 M PBS
6.4 0.3 M PBS
6.6 0.3 M PBS
7.2 0.3 M Borate
7.4 0.3 M Borate
7.6 0.3 M Borate
7.8 0.3 M Borate

Table 8 Buffers used for each pH experiment.

Streptavidin was diluted to 1 pig/ml in 0.1 M carbonate coating buffer pH 9.6, 
added to the wells of a microtitre plate (100 ^I/well) and incubated overnight at 
22°C. The wells were washed four times with PBS/Tween. Residual adsorption 

sites on the plate were saturated by incubation with 200 pi of PBS containing 
0.1% casein for 1 hour at 37°C. The wells were washed four times with 

PBS/Tween. Biotin-FO (427 pg/ml) was diluted to 1 ng/ml in PBS/casein and 
incubated in the wells (100 pl/well) for 2 hrs at 22°C. The wells were washed
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four times with PBS/Tween. DFO and Met B standards were made up (see 
table 9) in the appropriately pH'd buffer containing 1 mM ferric citrate. The DFO 
and Met B standards were added (50 pl/well) to twelve sets of duplicate wells. 
The rabbit anti-ferrioxamine antibody was diluted 1/800 in assay buffer (without 
ferric citrate) and added (50 pl/well) to the same set of wells, mixed on a micro 
shaker for 30 seconds and incubated for 2 hours at 22°C. The wells were 

washed four times with PBS/Tween. A horseradish peroxidase conjugated goat 
anti-rabbit IgG Fc antiserum was diluted 1/2500 and incubated in the wells (100 
pl/well) overnight at 4°C. The wells were washed four times with PBS/Tween. 
The enzyme conjugated antiserum that remained bound after washing was 
visualised by incubating the plate with 100 pl/well o-Phenylenediamine 
dihydrochloride for 20 minutes in the dark. The reaction was stopped with the 
addition of 100 pl/well 1M HCI. The colour was measured using a Dynatech 
MR600 microtitre plate reader at 490 nm.

Molar cone 
(pM)

Concentration of 
Metabolite B (ng/ml)

Concentration 
of DFO(ng/ml)

2.805 1615.00 1845.00
1.403 807.50 922.50
0.701 403.75 461.25
0.351 201.87 230.62
0.175 100.93 115.31
0.088 50.46 57.65
0.044 25.23 28.82
0.022 12.61 14.41
0.011 6.30 7.20
0.005 3.15 3.60
0.002 1.57 1.80
0.00 0.00 0.00

Table 9 Molar equivalent concentrations of Metabolite B, DFO and FO.

2.2.3 Development of anti-desferrioxamine ELISA

2.2.3.1 Development and optimisation of ELISA In biological fluids

Biological fluids such as plasma and urine are a complex mixture of proteins 
and salts and as such can often interfere with the accurate quantification of 
samples by binding to either the analyte or to the detecting antibody. To 
circumvent this problem samples are often diluted in the assay buffer such that 
the effect of these proteins is minimised. In order to construct accurate standard 
curves plasma or urine was added to the assay buffer at a final dilution of 1 in
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20. The plasma and urine samples were treated with an equal volume of 1mM 
ferric citrate prior to analysis to convert any unchelated compound or iron- 
binding metabolite to the iron complexed form.

Streptavidin was diluted to 1 pg/ml in 0.1 M carbonate coating buffer pH 9.6, 

added to the wells of a microtitre plate (100 pl/well) and incubated overnight at 
22°C. The wells were washed four times with PBS/Tween. Residual adsorption 

sites on the plate were saturated by incubation with 200 pi of PBS containing 
0.1% casein for one hour at 37°C. The wells were washed four times with 

PBS/Tween. Biotin-FO (427 pg/ml) was diluted to 1 ng/ml in PBS/casein and 
incubated in the wells (100 pl/well) for 2 hours at 22°C. The wells were washed 

four times with PBS/Tween. DFO and Met B standards were made up (see 
table.4) in either plasma or urine diluted in assay buffer containing 1 mM ferric 
citrate. The DFO and Met B standards were added (50 pl/well) to twelve sets of 
duplicate wells. The rabbit anti-ferrioxamine antibody was diluted 1/800 in 
assay buffer (without ferric citrate) and added (50 pl/well) to the same set of 
wells, mixed on a micro shaker for 30 seconds and incubated for 2 hours at 
22°C. The samples were diluted in assay buffer and treated the same way as 

the DFO and Met B standards. The wells were washed four times with 
PBS/Tween. A horseradish peroxidase conjugated goat anti-rabbit IgG Fc 
antiserum was diluted 1/2500 and incubated in the wells (100 pl/well) overnight 
at 4°C. The wells were washed four times with PBS/Tween. The enzyme 

conjugated antiserum that remained bound after washing was visualised by 
incubating the plate with 100 pl/well o-Phenylenediamine dihydrochloride for 
20 minutes in the dark. The reaction was stopped with the addition of 100 
pl/well 1M HCI. The colour was measured using a Dynatech MR600 microtitre 
plate reader at 490 nm.
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2.2.4 Use of ELISA assay in the development of formulations 
of Desferal and salt forms

2.2.4.1 Analysis of comparative human pharmacokinetic study

In order to develop any new formulation of a drug a knowledge of the absolute 
bioavailability in man is required. This can then be used to determine the 
comparative effectiveness of any new formulation produced. It has been 
suggested that the bioavailability of DFO in man ranges from 0-60% (Callender 
and Weatherall, 1980; Jacobs and Ting, 1980 and Kattamis ef a/., 1981) based 
on pharmacodynamic equivalence. Therefore in order to progress the 
development of any new formulation a pilot study had to be set up to establish 
baseline pharmacokinetics in healthy volunteers since the previous studies 
were based simply on urinary excretion of iron and not plasma levels.

Two healthy individuals (one male, one female) were selected from a pool of 
volunteers aged between 18 and 50 yrs. They were fasted overnight with no 
caffeine, nicotine, alcohol or vitamin 0  on the day of the study. It was a cross
over study with a two week clear out in-between the different dose regimes. 
The i.v administration was of 1 g of DFO given by infusion over 45 mins (135 
ml.h'1 for the first 10 mins and 390 ml.h’1 for the final 35 mins). The oral 
administration was also 1 g of DFO given with 25 ml of distilled water. Blood 
samples were collected into heparinised syringes. These were then centrifuged 
for 1 minute at 3000 g. The plasma was removed and an equal volume of 1 mM 
ferric citrate added (to convert any unbound drug to the iron bound form) and 
frozen at -20°G prior to analysis. The urine samples were treated in the same 

manner as the plasma samples. Plasma and urine samples were analysed by 
immunoassay and compared to the results obtained by hpic using the method 
according to Singh etal. (1992).

2.2A.2 Anaiysis of hamster pharmacokinetic studies with 
CGH749B

OGH 7498 Is the decylsulphonic acid salt of DFO. This was developed as a 
possible alternative to the current compound DFO which is the methylsulphonic 
acid salt (Lowther et al., 1993, Ciba Internal report DPD 1994/13). The longer 
carbon chain counter ion makes the molecule more lipophilic, as measured by 
its partition coefficient (Log P) (Lowther et al., 1993, Ciba Internal report DPD 
1994/13) and thus it may cross cellular membranes more easily. To determine
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its effectiveness in vivo an experiment to compare the pharmacokinetic profile of 
a subcutaneous of DFO or CGH 749B in hamsters was performed. Hamsters 
were used instead of the normal laboratory rodents since in in vivo experiments 
they demonstrated a similar plasma profile to that of man with respect to 
metabolism of desferrioxamine (Kemp et ai., 1993).

Male, golden Syrian hamsters (3 animals per time point) weighing 100± 20 g 
were dosed subcuntaeously at 100 mg/Kg of DFO in saline or 117 mg/Kg of 
CGH 749B. The difference in concentration takes into account the difference in 
molecular weight. Since hamsters lack a suitable superficial vein that could 
provide access for repetitive sampling, an individual animal was used for each 
time point. Blood was collected by cardiac puncture following terminal 
anaesthesia (into heparinised syringes). These were then centrifuged for 1 
minute at 3,000 g. The plasma was removed and equal volume of 1 mM ferric 
citrate added (to convert any unbound drug to the iron bound form) and frozen 
at -20°C prior to analysis. Plasma samples were analysed by ELISA assay.

2.2.4.3 Analysis of hamster pharmacokinetic studies with 
CGH749B depot formulation

The current mode of therapy for DFO is by slow subcutaneous infusion. This is 
a painful procedure which despite the life-threatening disease has poor patient 
compliance. The administration of a depot formulation which ensured slow 
release of the drug would not require the use of an infusion pump and may 
provide a significant improvement over the existing therapy.

The depot formulation (JR01) consisting of a mixture of 2.5 ml sesame oil, 2.5 ml 
ethyloleate, 75 pi sorbitan trioleate, 25 pi polyoxethylene-4-lauryl ether and 1 g 

of CGH 749B was prepared. The CGH749B was added to the oil and surfactant 
mixture and ground in an agate pestle and mortar until a smooth suspension 
was formed. Male, golden Syrian hamsters (three animals per time point) 
weighing 100± 20 g were dosed subcuntaeously at 117 mg/Kg of CGH 749B. 
Blood samples were collected and treated as previously described in section 
3.3.2. The plasma samples were analysed by ELISA assay.
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2.3 RESULTS

2.3.1 Antibody production and purification

The results in this section outline the production of an anti-ferrioxamine 
polyclonal antibody and its subsequent purification for use in characterisation 
studies and the development of an ELISA assay.

2.3.1.1 Preparation of immune and biotinyiated desferrioxamine 
conjugates.

When preparing the immune conjugates the concentration of the end product at 
each step was measured by determining the amount of pyridine-2-thione (POP) 
released. The amount of POP produced is equivalent to the amount of 2-pyridyl 
disulphide groups generated on the protein (see methods section figure 16) 
and the subsequent amount of DFO-SPDP molecules activated in the protein- 
DFO conjugation step (see methods section figure 17). The concentration of 
PDF which has a molar absorptivity of 8.08 x 1Q3 (Stuchbury et al., 1975) is 
measured at 343 nm.

Preparation of BSA-Desferrioxamine conjugate

The results shown in table 10 are a typical example of the data that was 
obtained when producing BSA-DFO conjugates. The concentration of DFO 
finally conjugated is approximately 8 times less than would be predicted from 
the concentration of PDF produced in the earlier parts of the synthesis. This 
may be a result of the fact that the thiol groups are highly reactive and may have 
taken part in unwanted side reactions during dialysis even though there was 
EDTA present in the buffer to minimise this occurring. The most reliable 
determination of the amount of DFO conjugated is thus the detection of BSA-FO 
produced by the addition of excess iron. This is measured at 430 nm (molar 
absorptivity of 2.73 x 1Q3) (Spasojevic' at a!., 1994, Barry and Cartei, 1968, 
Monzyk and Crumbliss, 1982).
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Sample O.D. 343 nm
Blank
*BSA-SPDP 
*BSA-SPDP + DTT

0.000
0.012
0.259

Difference 0.247

* A 1/200 dilution was made prior to analysis

Concentration of PDP released

Equivalent to concentration 
of SH groups generated

0.247 X 200 mM 

8.08x103

= 6.114 mM

Sample O.D. 343 nm
Blank
*BSA-SH
*BSA-SH + DFO-SPDP

0.000
0.002
0.245

Difference 0.243
* A 1/200 dilution was made prior to analysis

Concentration of PDP released

Equivalent to concentration 
of DFO-SPDP reacted

0.243 X 200 mM 
8.08x103

= 6.015 mM

Table 10 A typical calculation of concentration of BSA-DFO conjugate.

Preparation of KLH-Desferrloxamlne conjugate

The results shown in table 11 are a typical example of the data that was 
obtained when producing KLH-DFO conjugates. The concentration of DFO 
conjugated to the KLH is approximately l/lO  of the concentration of thiol groups 

generated (as measured by release of PDF) in the first reaction. This 
demonstrates that the conjugation to DFO is thermodynamically less efficient 
than the generation of internal disulphide bonds. This again is probably due to 
the thiol groups taking part in unwanted side reactions.
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Sample O.D. 343 nm
Blank
*KLH-SPDP 
*KLH-SPDP + DTT

0.000
0.045
0.460

Difference 0.415
* A 1/200 dilution was made prior to analysis

Concentration of PDP released

Equivalent to concentration 
of SH groups generated

0.415 X 200 mM 
8.08x103

= 10.27 mM

Sample O.D. 343 nm
Blank
**KLH-SH
**KLH-SH + DFO-SPDP

0.000
0.007
0.150

Difference 0.143
** A 1/100 dilution was made prior to analysis

Concentration of PDP released

Equivalent to concentration 
of DFO-SPDP reacted

0.143 X 100 mM 
8.08 X 103

= 1.77 mM

Table 11 A typical calculation of concentration of KLH-DFO conjugate.

Determination of DFO concentration.

The results in table 12 show the typical concentrations of DFO that were 
produced in both the BSA-DFO and KLH-DFO conjugates.

Sample O.D. 430 nm
Blank 0.000
***FeCl3 0.078
***FeCl3+ BSA-DFO 0.187

Difference 0.109
A 1/20 dilution was made prior to analysis
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Concentration of FO formed by 0.109 X 20 mM
chelation of Fe 2.73 X 103
Equivalent to concentration of
DFO conjugated = 0.7985 mM

Concentration of DFO conjugated
to BSA = 560 X 0.7985

= 0.4472 mg.mM

Sample O.D. 430 nm
Blank 0.000
***FeCl3 0.129
***FeCl3+ KLH-DFO 0.262
Difference 0.142
*** A 1/20 dilution was made prior to analysis

Concentration of FO formed by 0.142 X 20 mM
chelation of Fe 2.73 X 103
Equivalent to concentration of
DFO conjugated = 1.04 mM

Concentration of DFO conjugated
to KLH = 560x1 .04

= 0.5826 mg.ml'^

Table 12 A typical calculation of the concentration of the conjugated DFO
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The results in table 13 show the concentrations obtained from the seven 
different batches of DFO immunoconjugates. The concentration of DFO in the 
KLH-DFO conjugate was approximately 60% of that of the BSA-DFO conjugate 
even though they both had the same concentration of DFO in the reaction mix. 
Although KLH has more amino groups per mole of protein its reduced solubility 
may account for the decreased concentration of DFO conjugated.

Batch No BSA-DFO conjugate 
(mg.mM)

KLH-DFO conjugate 
(mg.ml'l

1 0.447 0.615
2 0.514 0.583
3 0.927 0.620
4 0.907 0.519
5 0.714 0.365
6 1.62 0.144
7 0.657 0.574

Average 0.827 0.489

Table 13 The concentrations of batches DFO immunoconjugates
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Analysis of Biotin-LC-FO fractions by hpic

Aliquots of the starting materials (Biotin-LC-NHS in DMF and FO + NMM), the 
final reaction mixture and a FO and FO-E (100 pg.mM) standard mix were 

analysed by hpic as well as the pooled fractions collected from the column. The 
peaks present in the two starting materials were subtracted from the peaks of 
the final reaction mixture in order to determine the retention time of any new 
peaks formed as a result of the Biotin-FO conjugate. The results in figures 26, 
27 and 28 show the hpic chromatograms of the Biotin-LC-NHS, FO and final 
reaction mixture respectively. The collective peaks from the Biotin-LC-NHS and 
FO chromatograms were arithmetically subtracted from the chromatogram of the 
final reaction mixture (figure 28). This resulted in only one major peak being left 
(figure 29). This is the Biotin-FO conjugate since any new peak detectable at 
430 nm is likely to contain FO.

Biotin-LC-NHS
7.14250001

20000 -

I  15000-
I

3  10000-

5000 -

10 15 20 250 5

Time (minutes)

Figure 26 An hpic chromatogram of Biotin-LC-NHS
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Figure 27 An hpic chromatogram of FO and NMM.
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Figure 28 An hpic chromatogram of the Biotin-LC-NHS/FO reaction mixture.

75



Biotin-FO
15000-1 20.43

10000 -

E
C

8
>
Z)

5000-

15 20 250 5 10

Time (minutes)

Figure 29 An arithmetic hpic chromatogram of peaks from figure i s  and
subtracted from figure %%

To confirm that the new peak was not FO, FO and FO-E standards were run as a 
comparison (figure 30). Figure 30 shows that the major peak (remaining after 
subtraction) in figure 28 has a different retention time (20.43) to that of both FO 
and FO-E (10.50 and 12.83). This could suggest that the compound is not FO 
but contains FO as part of the molecule since it's maximum absorbance was at 
430 nm which is the same as that for FO (data not shown). Figure 31 shows the 
hpic chromatogram of the pooled fractions from the column purification. This 

had only one major peak (20.18) that is probably the Biotin-FO. Although this 
has a different retention time from that seen in the reaction mixture this could be 
due to run variation or, that there is only a minimal amount of contaminating 
solvents which may affect the elution profile.
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Figure 30. An hpic chromatogram of FO and FO-E standards.
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Figure 31 An hpic chromatogram of the pooled fractions.
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Determination of Biotin concentration.

To determine whether the compound isolated in section 1.1.4 contained biotin 
as well as FO a standard curve of displacement of HABA (from avidin) by biotin 
was prepared. The difference between the original starting O.D. and the value 
obtained for the addition of each biotin aliquot was converted to a percentage 
reduction of the starting O.D. The graph in figure 32 shows the percentage 
displacement of HABA plotted against the amount of biotin to produce a 
calibration line. The graph demonstrates that the displacement of HABA by 
biotin and the amount of biotin is a linear phenomenon.

7.5-
=L
a
o
CQ

y = O.IISx ■ 0.103
2.5-

0 10025 50 75
% Displacement of HABA 

Figure 32 A graph of the biotin calibration line.

The concentration of biotin was obtained by determining the percentage 
reduction for each aliquot and calculating the concentration using the equation 
of the fitted line of the calibration curve. The results in table 14 show the 
concentration of biotin in the Biotin-FO conjugate. This demonstrates that for 
each aliquot there is an equal amount of displacement of HABA which thus 
enables an average concentration for biotin to be determined.
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Biotin-FO (pi) % Reduction % Reduction 
(difference)

Biotin-FO (pg.mM)

0 0 0 0
1 14.38 14.38 1.522
2 29.81 15.43 1.641
3 43.83 15.02 1.594
4 57.16 13.33 1.403
5 72.58 15.42 1.639
6 85.08 15.50 1.648

Biotin cone (pg.ml"*

Mean 1.575
SEM 0.643

Table 14 The calculation of biotin concentration 

2.3.1.2 Analysis of antMerrioxamine serum.

Analysis of antibody titre

Bleeds from the rabbits were tested for the presence of specific DFO or FO 
antibodies. The results in figure 33 show that there was an increase in specific 
anti-FO antibody titre with time. The titre of the antibody was demonstrated by a 
reduction in binding with serial dilution of the antibody (figure 34). In the same 
assay a pre-immunisation bleed showed no demonstrable binding.
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Figure 33 Increase in anti-FO antibody titre of Dutch rabbits with time.
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Figure 34 ELISA of rabbit anti-FO test bleeds.

These two graphs show that the specific antibody response to FO increased 
with time and that there was a range of immune responses within the group of 
animals used. Although the carrier conjugates were alternated between 
immunisations, one of the animals, DFO/92/8 showed a reduction in anti-FO 
antibody titre between the penultimate bleed on the 29/5 and the last bleed on
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the 21/8 indicating that a carrier mediated immune suppression had occurred in 
at least one animal.

Polyacrylamide gel electrophoresis (PAGE).

The eluted antibody was collected into three fractions and each one was run 
separately on a reducing gel to check for purity. The results in figure 35 show 
that all three eluted fractions (lanes 4,5 and 6) contain two separate protein 
bands at 50 KDa and 25 KDa. These correspond to the heavy and light chains 
of an antibody molecule and indeed they align with the two bands (lane 2) from 
a rabbit antibody standard (Sigma, Poole, Dorset, UK). The post binding 
fraction containing the unbound proteins was run to check whether all the 
antibody had bound to the column. The results in lane 3 show that virtually all 
the antibody had bound to the column since there was only a small band 
present at 25 KDa which corresponds to the light chain of an antibody molecule. 
The presence of any heavy chain is obscured by the large band at 68 KDa, 
which is probably the protein serum albumin which has been concentrated by 
passing it down the protein A column.

eSKDa

43KDa

25KDa

18KDa
14KDa

Figure 35 PAGE gel of Protein-A purified rabbit anti-FO antibody, 
lane 1 = High molecular weight standards , lane 2 = rabbit immunoglobulin G 
standard , lane 3 = post column fraction , lanes 4, 5 and 6 = fractions 1,2 and 3.

Protein determination.

The protein concentration of the rabbit polyclonal antibody was determined by 
comparing fractions collected from the protein A column. A calibration curve 
was prepared (figure 36) using known concentrations of BSA (Sigma).
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Figure 36 A standard calibration curve of BSA 
The results in figure 37 show the O.D. values obtained for the rabbit polyclonal 
antibody from the BioRad protein assay and the corresponding protein 
concentration. Fractions 9 and 7, 8 and the pooled fraction were diluted 1 in 2.5 
and 1 in 10 respectively as they had initial values in excess of the upper limit of 
the standard calibration curve.
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Figure 37 Rabbit polyclonal antibody protein concentration
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2.3.2 Antibody characterisation

The results in this section describe the analysis of the antibody epitope and the 
effect of chelator iron status on antibody binding.

2.3.2.1 Analysis of antibody binding to desferrioxamine and 
related compounds

Analysis of antibody binding to Desferrioxamine and 
Desferrioxam ine analogues

The rabbit polyclonal antibodies were tested for their ability to bind to a variety 
of compounds including different analogues of DFO, various metabolites and 
chemically synthesised fragments of DFO. A competition ELISA was used in 
which the various different compounds were added as a fluid phase 
competitor. All were added in molar equivalent concentrations equivalent to 
that of DFO (see table 7). The O.D. values obtained are inversely proportional 
to the amount of antibody bound by the fluid phase competitor, thus the more a 
molecule binds to the antibody the less is bound to the surface antigen and the 
optical density is reduced.

0.4 n

Ecoo>
Û
d

DFO

FO

DFO-E

FO-E
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Molar equivalent of competitor (ng mM)

Figure 38 Competition ELISA of FO, DFO, DFO-E and FO-E.
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The results in figure 38 show that FO, DFO-E and FO-E all specifically inhibit the 
binding of the antibody to the bound antigen in a concentration dependent 
manner suggesting that they are recognised by the antibody. The results also 
show that DFO does not reduce the antibody binding completely. This is 
demonstrated by the fact that there is no significant increase in inhibition by 
DFO above a concentration of approximately 125 ng ml'T The inhibition that 
occurs is may be due to the DFO binding iron (in situ) that is present in the water 
and chemicals used to prepare the buffer. The amount of binding is therefore a 
result of conversion of DFO to FO. This may therefore represent the amount of 
available chelatable iron present. It is also interesting that for the same molar 
concentration DFO-E and FO-E are able to bind more antibody than DFO or FO.

Apotransferrin/Holotransferrin experiments.

To determine if antibody binding is affected due to in situ iron chelation by DFO, 
apotransferrin was added to the dilution buffers (prior to the addition of the 
compounds) used in the assay. The results in Figure 39 show that on the 
addition of apotransferrin the binding seen with DFO has been completely 
abolished. This demonstrates that the antibody binding observed by DFO in the 
previous assay was due to the conversion of some of the DFO to FO since the 
apotransferrin is able to sequester any available chelatable iron prior to the 
addition of any DFO. This further shows that iron binding is an important 
component in the antibody recognition. The amount of antibody binding by 
DFO-E was also reduced but not abolished. This indicates that DFO-E is either 
capable of removing iron from apotransferrin, the apotransferrin cannot 
sequester all the chelatable iron present, or that the cyclic structure of DFO-E is 
important. Although DFO is capable of removing iron from transferrin in an iron 
saturated state (Baker et ai., 1992) it is unlikely that iron can be removed from 
apotransferrin by either DFO or DFO-E in this instance since the apotransferrin 
is probably in an unsaturated state. No change was observed in the binding 
curves of both FO and FO-E demonstrating that the apotransferrin can't remove 
iron that is already bound. These results therefore demonstrate that not only is 
the presence of iron important in the antibody recognition but the cyclic 3-D 
structure of DFO-E may also be important for antibody binding. To determine 
whether the affects of the apotransferrin were due to it's iron chelating effect, the 
iron saturated form holotransferrin was used as a control. The results in figure 
40 show that on the addition of holotransferrin the binding curves of DFO and 
DFO-E were now similar to those of FO and FO-E respectively. This indicates 
that both DFO and DFO-E are fully converted to the iron bound forms by either
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sequestering the iron from the saturated transferrin or that there may be free 
iron associated with transferrin since it is not a purified preparation with respect 
to iron.
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Figure 39 Effect of Apotransferrin on antibody binding to DFO, 
FO, DFO-E and FO-E.
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Figure 40 Effect of Holotransferrin on antibody binding to DFO,
FO, DFO-E and FO-E.
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Figure 41 Competition ELISA to show the effects of increasing apotransferrin
concentration on DFO-E binding.

The results in figure 41 show that the increased apotransferrin concentration 

has reduced the binding of DFO-E to the antibody whilst the addition of 

holotransferrin has no significant effect when compared to the PBS (no protein 

control). This shows that as the apotransferrin concentration is increased, more 

iron is sequestered and the binding is reduced. The reduction in binding is due 

to the iron removal by apotransferrin and not to any steric hindrance effect as a 

result of the increased protein in the system since the increased holotransferrin 

concentration has no effect on the assay.

Metabolite analysis

The main metabolites of DFO are formed as a result of enzymatic degradation at 
the N-terminal. The results in figure 42 show that all the main available 
metabolites of DFO (after treatment with ferric citrate to convert them to the iron 
bound form) which can bind iron completely inhibit the binding of the antibody 
to the bound antigen and that there is a slight increase in the antibody binding 
by all the metabolites. This shows that the antibody epitope is not effected by 
the enzymatic degradation as none of the metabolites show reduced antibody 
binding. This also demonstrates that an epitope may be nearer the iron co-

86



ordination centre since this is the only portion of the molecule that remains 
constant between the metabolites. It is also worth noting that like the DFO-E 
and FO-E all the metabolites show increased antibody binding in comparison to 
DFO.
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Figure 42 Competition ELISA of FO and DFO metabolites.

To determine whether the difference in antibody binding between DFO and Met 
B was due to difference in chemical structure a series of assays were performed 
using both the iron loaded and iron replete forms of DFO and Met B. The results 
in figures 43, 44 and 45 show the effects of assay buffer only and the buffer 
containing apotransferrin or holotransferrin. The results demonstrate that the 
increased antibody binding seen by metabolite B is independent of it’s iron 
chelation state, since even in the presence of apotransferrin it is still able to bind 
the antibody to a large extent. This indicates that its 3-D structure is different 
such that the antibody may be binding to an epitope that is independent of the 
epitope found on FO.
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Figure 43 Competition ELISA of DFO, Met B and their iron cheiated forms.
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Figure 44 Competition ELISA to show the effect of Apotransferrin on antibody 
binding to DFO, Met B and their iron chelated forms
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Figure 45 Competition ELISA to show the effect of Holotransferrin on antibody 
binding to DFO, Met B and their iron chelated forms

Fragment analysis

The DFO fragments were tested for binding to the antibody. All the compounds 
were diluted in buffer containing ferric citrate, allowing the conversion of the 
molecules to their chelated forms. The results in figure 46 show that only DFO 
and FG426/3 bound the antibody. FG692 and FG694 which have one and two 
hydroxymate groups respectively did not bind the antibody. The smallest 
fragment, FG692 also did not bind iron (as measured on a spectrophotometer at 
430 nm, data not shown) which is as a result of the molecule only having one 
hydroxymate group present. FG694 has only two hydroxamate groups but is 
able to bind iron (data not shown). This is as a result of the molecule using 
groups other than the hydroxymates to co-ordinate the iron. Since the 
modifications of the deletion fragments occur at the C-terminal end of the 
molecule this indicates that there is an epitope near or at that end of the 
molecule. Although FG694 binds iron it does not bind the antibody since the 3- 
D structure formed as a result of the iron co-ordination may be unrecognisable 
by the antibody.
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Figure 46 Competition ELISA of DFO, and DFO deletion fragments.

Analysis of chemical derivatives of DFO

The results in figures 47,48, 49 and 50 show the effects of apotransferrin and 
holotransferrin on antibody binding to compounds of chemical derivatives of 
DFO (Ciba, Basle, OH). GGP29903 (figure 47) has the C-terminal hydroxymate 
group replaced by a carboxylate group. This does not bind the antibody, 
regardless of iron status. This demonstrates that the C-terminal hydroxymate 
group is an essential portion of DFO. CGP42783 (figure 48) also has a 
polyethylene glycol (PEG) group attached to the N-terminal end. This 
compound binds antibody and it is dependent on iron binding since there is no 
antibody binding when apotransferrin is present in the buffer. This suggests 
that the antibody binding is specific for the C-terminal as the bulky PEG group 
does not affect antibody binding. CGP43358 (figure 49) has a succinate group 
attached to the N-terminal amine group. This compound binds antibody and to 
some extent it is independent of iron binding since it still binds antibody in the 
presence of apotransferrin. The succinate group may allow a iron independent 
epitope to be formed that is similar to that formed by metabolite B. CGP47840A 
(figure 50) has a hydroxypyridine group attached to the N-terminal group. It has 
similar antibody binding characteristics to that of DFO. This indicates that this 
substitution does not effect antibody binding and that the antibody binding seen
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with CGP43358 is dependent on the chemical structure and not just a 
lengthening of the molecule.

Overall these results show that there are two possible epitopes on the parent 
molecule DFO. One of these is iron binding dependent and requires the C- 
terminal hydroxymate group and the other is iron independent but is only 
revealed when the N-terminal amine group is modified either by chemical 
substitution or enzymatic degradation.
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Figure 47 Competition ELISA to show the effects of Apotransferrin and 
Holotransferrin on antibody binding to GGP29903
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Figure 48 Competition ELiSA to stiow ttie effects of Apotransferrin and 
Holotransferrin on antibody binding to GGP42783 

0.5

d  0 .2-

01 0.1 1 10 100 1000 
Molar equivalent of competitor (ng mM)

Figure 49 Competition ELISA to show the effects of Apotransferrin and 
Holotransferrin on antibody binding to CGP43358
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Figure 50 Competition ELISA to show the effects of Apotransferrin and 
Holotransferrin on antibody binding to GGP47840A
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2.3.3 Development of desferrioxamine ELISA assay

The results in this section outline the effects of pH on the antibody binding to 
compounds, the utilisation of this phenomenon in the development of an ELISA 
assay and the use of this assay in the analysis of experimentally derived 
samples.

2.3.3.1 Desferrioxamine/metaboUte B pH studies

The rabbit polyclonal antibody recognises ferrioxamine and all the major iron- 
chelating metabolites. Since metabolite B is the major metabolite (Singh et al.,
1990) an assay capable of detecting and quantifying a combination of 
ferrioxamine (any unchelated DFO and metabolites are converted ex-vivo by 
the addition of 1 mM Ferric citrate at a 1:1 ratio) and metabolite B was 
developed. To determine the pH value at which DFO and metabolite B bound 
equivalent amounts of antibody a series of competition ELISAs were performed 
with a range of buffers at different pH’s. The results in figures 51-52 
demonstrate that as the pH is increased from pH 5.7 to 7.4 the amount of 
antibody bound to metabolite B decreases in relation to DFO. Figure 47 shows 
that for a given molar concentration of compound at a pH of 7.4 there is no 
significant difference between the amount of antibody bound by the metabolite 
B and DFO and therefore the number of moles of metabolite B is equal to that of 
DFO. As the pH is increased (pH > 7.6) (figure 53) the amount of antibody 

bound to metabolite B is now less in relation to that bound by DFO although the 
difference is less than that seen at pH < 7.2. Overall these results indicate that 

pH 7.4 is the appropriate pH for the assay buffer since at this pH both DFO and 
metabolite B bind equivalent amounts of antibody for equivalent moles of 
compound. The DFO/metabolite B ratio can’t be determined by this ELISA. 
Since the assay was developed to quantify the concentration of combined drug 
and metabolite the units of concentration were defined as Total Iron-Binding 
Equivalents (TIBE).
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Figure 51 Competition ELISA to show the effect of pH (5.7 and 6.1) on antibody
binding to DFO and Met B.
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Figure 52 Competition ELISA to show the effect of pH (6.6 and 7.4) on antibody
binding to DFO and Met B.
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Figure 53 Competition ELISA to show the effect of pH (7.6 and 7.8) on antibody
binding to DFO and Met B.

2.3.3.2 Development of ELISA assay in biological fluids.

o f
Since the antibody only recognises the iron bound formsJDFO or any of the iron 
chelating metabolites they were converted in situ by the addition of 1 mM ferric 
citrate to the assay buffer. The assays for human plasma and urine were 
performed at a pH in which the standard curves for DFO and metabolite B 
overlapped, determined by using the pH profile of the DFO and Metabolite B 
standard curves (previous section). The results in figure 54 show typical 
standard curves for DFO and metabolite B in both human plasma and urine. 
The graphs show that there is no significant difference between the two 
standard curves in either the plasma or urine.
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Figure 54 Competition ELISA showing standard curves of DFO and Met B in
human plasma and urine at pH 7.4.

In the development of any new compound or formulation pharmacokinetic 
studies have to be performed to test the compound against a reference 
standard. These studies are initially performed in small animals such as 
rodents. The choice of animal is often determined by the stability of the test 
compound in the animal plasma. The stability test is important since it wouldn’t 
be possible to determine the correct plasma half-life as a result of distribution 
and clearance if the compound was metabolised rapidly. Since 
Desferrioxamine was the parent active ingredient being used in the 
formulations this was tested in a variety of animal plasma samples. The 
hamster was shown to have the best plasma stability profile (Kemp et al .,1993) 
so this was used for any subsequent studies. The assay was developed for use 
with hamster plasma by performing a series of assays each at a different pH. 
The results in figure 54 show that as the pH is increased from pH 6.4 to 7.0 the 
amount of antibody bound to metabolite B decreases in relation to DFO. Figure 
55 shows that for a given molar concentration of compound at a pH of 6.6 there 
is no significant difference between the amount of antibody bound by the 
metabolite B and DFO and therefore the number of moles of metabolite B is 
equal to that of DFO.

97



pH6.4 pH6.6

, 0 .5 1
------- ,  0 .4  J

0 .4 -

^  0 .3 - ^  0 .3 -

\  0 .2 - \  0 .2 -

V  0.1 y  0.1 -

1------1------ 1------0 ------1------r  I 0

pH7.0

0.01 10 100 1000 0.01 0.1 10 100 1000 0.01 0.1 1
T 1 r
10 100 1000

Molar equivalent of competitor (ng ml-i)

Figure 55 Competition ELISA to show the effect of pH (6.4, 6.6 and 7.0) on 
antibody binding to DFO and Met B in hamster plasma.

As with the human plasma and urine the pH of the assay buffer at which the 
standard curves for both DFO and metabolite B overlapped was used in the 
subsequent formulation experiments. The results in figure 56 show typical 
standard curves for DFO and metabolite B in hamster plasma. The graph 
shows that there is no significant difference between the two standard curves in 
plasma at pH 6.6.
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Figure 56 Competition ELISA sflowing standard curves of DFO and Met B in
hamster plasma at pH 6.6.
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2.3.3.3 Use of ELISA assay in the analysis of 
Desferal formulations and salt forms

The current mode of delivery for desferrioxamine is by sub-cutaneous infusion 
which is administered over an average period of 8 -12 hours, 5-7 days a week. 
A less painful or less intensive injection regime would provide an alternative to 
the slow infusion of the existing DFO solution and would increase the otherwise 
poor patient compliance. Two developmental approaches were attempted by 
the Desferal delivery project at Novartis Pharmaceuticals, Horsham, UK. One 
was to look at the feasibility of an oral formulation and the other a sub
cutaneous formulation which might ensure a slow release of drug thereby 
reducing the need for frequent injections.

Human volunteer study

The results in figures 57-58 and 59-60 show a comparison between the values 
obtained by ELISA and hpic in plasma and urine following an intravenous (i.v.) 
infusion for volunteers 988 and 989 respectively. The plasma values are 
expressed as the concentration of iron binding equivalents at the time point 
given whilst the values expressed in the urine graphs are as a cumulative 
concentration.
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Figure 57 Comparison between ELISA and hpic drug plasma levels for 
volunteer 988 following Iv Infusion of desferrioxamine
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Figure 58 Comparison between ELISA and hpic drug urine levels for 
volunteer 988 following iv infusion of desferrioxamine
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Figure 59 Comparison between ELISA and hpic drug plasma levels for 
volunteer 989 following iv infusion of desferrioxamine
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Figure 60 Comparison between ELISA and hpic drug urine levels for 
volunteer 989 following iv infusion of desferrioxamine

The values for Tmax. C^ax, and AUG are summarised in tables 15 and 16. The 
results show that there is a significant difference between the hpic and ELISA 
plasma and urinary AUG values for volunteer 988. This may due to a number of 
potential errors resulting from, inaccuracy of dilution, calibration error of the 
multi-channel pipette, sample preparation, and that such errors may have 
occurred in both analyses.

Parameter Value Volunteer 988 Volunteer 989
ELISA hpic ELISA hpic

1"max hr 0.75 0.75 0.50 0.50

Gmax pg.ml' 40.48 46.79 33.78 39.87
AUG pg.hr.ml*’ 66.05 91.36 83.05 85.34

Table 15 Comparison of the plasma pharmacokinetic parameters for volunteers 
988 and 989 obtained by ELISA and hpic 
following i.v. infusion of desferrioxamine
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Parameter Value Volunteer 988 Volunteer 989
ELISA hpic ELISA hpic

"̂ max hr 4 4 2 2

^max 106400 109000 120000 119000
AUC fag.hr.ml"' 536000 477000 570000 556000

Table 16 Comparison of the urinary pharmacokinetic parameters for volunteers 
988 and 989 obtained by ELISA and hpic 
following i.v. infusion of desferrioxamine
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Figure 61 ELISA drug plasma levels for volunteer 988 following oral 
administration of desferrioxamine
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Figure 62 Comparison between ELISA and hpic drug urine levels for 
volunteer 988 following oral administration of desferrioxamine
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Figure 63 ELISA drug plasma levels for volunteer 989 following oral 
administration of desferrioxamine
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Figure 64 Comparison between ELISA and hpic drug urine levels for 
volunteer 989 following oral administration of desferrioxamine

The results in figures 61-62 and 63-64 show the values obtained by ELISA in 
plasma and a comparison between the values obtained by ELISA and hpic in 
urine following an oral (p.o.) dose of desferrioxamine for volunteers 988 and 
989 respectively. The plasma values are again expressed as the concentration 
of iron binding equivalents at the time point given whilst the values expressed in 
the urine graphs are expressed as a cumulative concentration. The values for 
Tmax. Cmax. &nd AUC are summarised in tables 17 and 18. The reason the
values obtained by hpic for the plasma concentrations of both volunteers 988 
and 989 following an oral dose were zero is because, the hpic method with a 
lower limit of quantification of 0.2 pg.mM (Stallibrass, Ciba Internal report. DPD 

1993/14) is not as sensitive as the ELISA (Kemp and Hassan, Ciba Internal 
report. DPD 1993/13) which has a lower limit of quantification of 40 ng mI'L The 
results show that there is a difference between the hpic and ELISA plasma and 
urinary AUC values for volunteer 988. This may due to number of potential 
errors resulting from inaccuracy of dilution, calibration error of the multi-channel 
pipette, sample preparation, and that such errors may have occurred in both 
analyses.
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Parameter Value Volunteer 988 Volunteer 989
ELISA hpic ELISA hpic

Tmax hr 1.0167 0 1.0 0
^max ng.mi' 0.997 0 0.907 0
AUC pg.hr.ml'^ 6.749 0 7.83 0
CIr l.hr^ 15.14 0 12.04 0

Table 17 Comparison of the plasma pharmacokinetic parameters for volunteers 
988 and 989 obtained by ELISA and hpic 

following oral dose of desferrioxamine

Parameter Value Volunteer 988 Volunteer 989
ELISA hpic ELISA hpic

Tmax hr 4 4 4 4

Gmax l^g.ml' 702 753 956 831
AUC ng.hr.ml'^ 5096 4905 8226.9 7442

Table 18 Comparison of the urinary pharmacokinetic parameters for volunteers 
988 and 989 obtained by ELISA and hpic 

following oral dose of desferrioxamine
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Pharmacokinetic studies with CGH749B in hamsters

The results in figure 65 shows a comparison of the plasma profile from hamsters 
of a subcutaneous injection of CGH749B or DFO in saline.

D)
3
CÛ
G )

X
o
Ü

L i.
Û

75

CGH749B
50

DFO

25

0
0 3010 20

Time (hours)

Figure 65 Comparison of the plasma profile of GGH749B and DFO in 
saline following a subcutaneous injection of either DFO of GGH749B in saline

Parameter Value s.c. Saline
DFO GGH749B

Tmax hr 1 1
^max pg.mM 29.7± 1.7 80.6± 5
AUG pg.hr.ml'^ 54.1 202

Table 19 Comparison of the plasma pharmacokinetic parameters 
for a subcutaneous dose, of either DFO of GGH749B in saline.

A summary of the comparative pharmacokinetic parameters are shown in table 
19. There is a significant increase in both the C^ax arid AUG of GGH749B over 
that of DFO. GGH749B is less soluble than DFO, GGH749B is 0.7% at 25°G 
compared to 25% at 25°G for DFO (Richardson, Ciba Internal report. DPD 
1994/29) and is more lipophilic. As a result of the decreased solubility and 
increased lipophlicity the GGH749B is released more slowly and thus is not
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cleared as quickly and that it is able to get across cell membranes more readily. 
The results in figure 66 show the plasma concentration of CGH749B in depot 
formulation JR01 for two separate experiments following a sub cutaneous 
injection. The results were plotted separately to demonstrate that the two peaks 
at 6 and 48 hours were obtained on different occasions. The summary of the 
pharmacokinetic parameters of these graphs are shown in table 20.

D)3
CÛ
(D

X
o
o

20

15

Expt 1 

Expt210

5

0
0 24 48 72 96 120 144 168

Time (hours)

Figure 66 The plasma profiles of CGH749B in JR01 
following a subcutaneous injection.

Parameter Value s.c. CGH7^t9B in JR01

Expti EXpt2
hr 6 6

Tmax2 hr 48 48

m̂ax"̂ pg.mr 14.1±2.3 14.5± 1.8
^max2 pg.mr 4.9± 0.1 12.7± 3
AUC jag.hr.ml'^ 684 469

Table 20 Comparison of the plasma pharmacokinetic parameters 
for two subcutaneous doses of GGH749B in JR01.
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2.4 Discussion

This section of the thesis proposes that an ELISA based assay could be used to 
rapidly quantify the combined concentration of desferrioxamine, ferrioxamine and 
their metabolites in biologically relevant samples. The experimental approach has 
been to produce a specific antibody to ferrioxamine and to use it in developing an 
accurate and sensitive assay. Furthermore an investigation into the antibody’s 
precise epitope has been undertaken.

This section of the thesis has also demonstrated that an ELISA based assay can be 
used to quantify the concentration of DFO and all it’s iron-bound and chelatable 
metabolites in both clinical and experimental plasma and urine samples. It further 
proposes that the levels of drug detected are equivalent to those detected by hpic 
and any differences are reasonably within the errors due to methodological 
difference.

2.4.1 Antibody preparation

2.4.1.1 Drug conjugation and immune response

When preparing immunogen-carrier conjugates many considerations have to taken 

into account in order that a significant and appropriate antibody response is 
generated (Erlanger, 1980). Traditionally small non-immunogenic molecules 
known as haptens are conjugated to high molecular weight proteins that are known 
to be highly immunogenic e.g. BSA or KLH (as was used in this thesis) and this 
enables an antibody response to be generated against the hapten. If however 
several inoculations are required to generate a sufficiently high antibody titre then 
alternating the protein carrier is advisable to avoid carrier mediated suppression 
(Herzenberg ef a/., 1973). This was observed in one of the rabbits DFO/92/8 and 
all of a group of balb/c mice (personal observation) even though this alternating 
schedule was used. This could possibly be avoided by not only changing the 
carrier protein but also the chemical linker molecule (Daniolva, 1994). An other 
alternative conjugation strategy might be to either change the carrier molecule 
such that the drug to carrier molecule ratio is increased (Vilaseca at a/., 1993). 
With this in mind alternative immunogen-carrier conjugation strategies might be
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employed to generate subsequent poly and monoclonal antibodies since even as 
a conjugated molecule DFO is not highly immunogenic and still runs the risk of not 
producing a sufficiently effective antibody response

2.4.1.2 Antibody generation

Antibodies have been generated to a variety of bacterial siderophores such as 
ferric pseudobactin and ferric aerobactin (Buyer et al., 1990, LeRoy et al., 1992) 
including desferrioxamine (Dang etal., 1994). All these antibodies were generated 
using a protein carrier conjugate as the immunogen suggesting that these 
siderophores are non-immunogenic as a class but this may be due to their size 
rather than any structural conformation. The antibody generated in this thesis 
recognises only the iron-loaded form of DFO. A monoclonal anti-ferric aerobactin 
antibody, AER01 (LeRoy etal., 1992) and a rabbit polyclonal anti-ferrioxamine 
antibody (Dang etal., 1994) were also tested (data not published) to determine the 
specificity of the ELISA assay developed. Contrary to the published observations 
the AER01 did not bind to either biotin/streptavidin captured DFO or FO. These 
results suggest that the “common lysyl modified residue" shared by aerobactin and 
DFO is obscured in the assay set up developed in this thesis. Also the results 
published by Dang suggest that the antibody binds to DFO regardless of iron status 
which is contrary to the observations in this thesis which suggest that the rabbit 
anti-desferrioxamine antibody only bound to the FO and not DFO. This may be 
explained by the fact that the assay conditions used by Dang to demonstrate 
specificity where not iron replete as was performed in this thesis. Overall this 
suggests that antibody generated in this thesis is similar to that produced by Dang 
et al. and that there may be more than one epitope on DFO.

2.4.2 Epitope mapping

The knowledge of the precise epitope of an antibody is often useful when 
designing the layout of an ELISA assay to low molecular weight haptens. If the 
hapten is captured of directly bound to the solid support it is important that the 
conjugation method or binding chemistries do not obscure or irreparably modify the 
antibody epitope to be conjugated.
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2.4.2.1 C-term inal analysis

The initial analysis of the competitive inhibition by DFO and FO showed that there 
is a certain amount of inhibition by DFO but this is due to it's in vitro conversion to 
FO due to the amount of iron present in normal assay buffers (e.g. PBS). This is 
supported by the observation that any inhibition seen by DFO is abolished in the 
presence of a previously added iron chelator such as apotransferrin which under 
the assay conditions is unlikely to act as an iron donor. The studies with the cyclic 
form of DFO, DFO-E suggest that the epitope is structurally dependent as opposed 
to iron dependent. This is suggested since inhibition of binding by DFO-E is 
reduced in the presence of an other iron chelator, on a molar basis DFO-E has a 
much lower IC50 than even FO.
In the case of DFO the antibody epitope is partially dependent on iron binding. 
This statement is supported by the observations that the removal of even one 
hydroxymate group (see page 62  for FG694 structure) results in loss of antibody 
binding even though it is still able to bind iron. This is further supported by the 
results that inhibition of antibody binding is abolished when using CGP29903 in 
which the c-terminal hydroxymate group is replaced with a carboxylate group.

2.4 .2.2 N-term lnal analysis

The metabolism of DFO in the body results in the formation of four major 
metabolites, their common feature is metabolism occurs at the N-terminus. 
Analysis of three of these (Met B, C, D) showed that there was a decrease in the 
molar concentration of the IC50 value (and therefore binds more antibody) 
comparative to that of DFO. Further studies with metabolite B demonstrated that 
this effect was independent of iron status (see figures 43-45). This indicates that as 
a result of the metabolism the binding of the antibody to the metabolites may be 
increased, suggesting that either an another epitope is formed or that some form of 
non-specific binding occurs. Interestingly, in the competition studies using 
CGP42783 and CGP43358 and CGP47840A inhibition of binding was also 
observed. All three have N-terminal substitution but only GGP43358 exhibited 
antibody binding that was independent of iron binding. This is due to the fact that 
the succinate group on CGP43358 is similar in structure to the N-terminus of Met B 
and thus may act in a similar manner. This is further supported by the fact that the

110



N-terminal substitution of CGP42783 and CGP47840A do not play a role in 
antibody binding. Overall this indicates that it is the chemical structure of the N- 
terminus and not the addition of a bulky group or an aromatic ring that affects this 
antibody binding site.

2.4.3 ELISA as a method of analysing desferrioxamine

To develop an accurate assay for detecting DFO and it’s iron-binding metabolites 
as assay is needed whereby the antibody binding is independent of metabolism 
and thus any secondary antibody binding site is masked or conformationally 
inactivated.

2.4.3.1 pH  effect

The binding of Met B and DFO were compared at a range of pH’s from 5.7 to 7.8 
since the original assay buffer pH was not controlled. The relative binding 
changed from pH 5.7 where the IC50 value for Met B was the lowest, to pH 7.8 
where the IC50 value for DFO was tending to be the lowest. This suggests that at 
low pH the conformational structure of Met B is such that it binds antibody by more 
than one epitope. This though does not explain the fact that at the highest pH it 
appeared that the DFO was binding more antibody than Met B since the ‘Met B 
epitope’ should have now been conformationally inactivated leaving only the one 
C-terminal epitope. One possible explanation might be that at high pH the 
antibody binding is reduced and the effect is slightly more prominent with Met B 
than DFO. This is supported by the fact that at the higher pH the overall binding 
(O.D.) was reduced despite using equal amounts of antibody throughout the 
experiment.

2.4.5.2 ELISA assay

The pH at which the antibody binding for both DFO and Met B was equal was used 
for the development of the ELISA assay. This was different for both human and 
hamster plasma at pH 7.4 and pH 6.6 respectively. This is unlikely to be as a result 
of the plasma concentration as the plasma in the buffer was diluted 20 fold to 
reduce the effects on antibody binding. One possible explanation is that it is the
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composition of hamster plasma that is causing the change in pH profile although 
no evidence has yet been found to substantiate this suggestion. The current assay 
format presented in this thesis is a competition assay. While this indirect 
measurement of drug concentration can be very accurate a direct binding or 
sandwich ELISA would be preferable. This is unlikely to be possible for DFO using 
this method since it only has one epitope. The measurement of Met B using a 
conformational-sensitive type immunoassay (Lolov et al., 1993) should be possible 
by utilising the fact that there appears to be another epitope present at low pH. 
This would be very useful in clinical diagnosis since Met B is the most prevalent 
metabolite and it's value relative to DFO is an indicator or both intracellular and 
extracellular availability of chelatable iron (Lee etal., 1993). This value could be 
used to adjust the dosage level in order to maximise the therapeutic safety margin. 
The current assay format could also be adapted to measure only the total amount 
of chelated drug and metabolites by not adding an iron source (ferric citrate) to the 
sample prior to analysis. This would also be a valuable assay since most of the 
ocular and auditory toxicities seen with DFO therapy may due to the presence of 
unchelated drug as may occur in high dose regimes (Olivieri et a!., 1986) and that 
prolonged survival of thalassaemic patients can occur in patients treated with 
amounts of DFO that is proportional to their iron burden (Ehlers etal., 1991).

2.4.3.3 Comparison with hpic

The analysis of DFO is currently performed using hpic (Singh et al., 1990) and 
apart from immunoassays is one of the most widely used methods in the analysis of 
therapeutic drugs (Hill, 1986). Recent work by Muldoon et al. (1994) has shown 
that immunoassays can be developed to detect hapten sized compounds and that 
the results can have similar correlation coefficients to that obtained by hpic 
methodologies. The results from both the human volunteer study show that there is 
a very good correlation between the ELISA and hpic assays demonstrating that this 
assay could be a valuable tool in the clinical analysis of total drug levels (including 
metabolites) but in it’s current format would not be able to distinguish the parent 
drug: metabolite ratio. The ELISA assay has three main benefits over that of hpic 
analysis. Firstly little sample preparation is required, secondly the assay could be 
optimised to reduce the overall time (the overnight incubations and incubation of 
biotin-FO conjugate are excessively long) and lastly due to it’s lower limit of 
delectability plasma levels can be obtained from experiments that are undetectable
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by hpic. There are also two other modifications which could improve both the 
reproducibility and possibly the sensitivity. Microtitre plates whose wells have 
been chemically derivatised to allow covalent coupling of both antigens and 
antibodies (Yonezawa et al., 1993, Douglas and Monteith, 1994) have the 
advantage that coated plates could be prepared in large batches to improved 
reproducibility and the amount of antigen can be optimised to suit the analyte 
concentration range being tested. Currently though the concentration of the 
coating antigen could be varied and in some instances has been shown to be 
critical in obtaining maximal binding of an analyte (Duk etal., 1994).

2A .3.4 Analysing new formulations and salt forms

The ELISA assay was utilised to detect total drug concentration from hamster 
plasma samples that were taken from experiments whereby different preparations 
of DFO and a long-chain analogue CGH749B were subcutaneously administered. 
The results allowed the pharmacokinetic analysis of a new long acting depot 
formulation to be analysed for both peak drug concentration and duration of action. 
Since a solution of DFO is rapidly metabolised upon subcutaneous administration 
any formulation which provides a slow release over a long period of time would 
improve the ratio of drug:iron removal and thus possibly allow either a lower dose 
to be administered or more probably increase the time between doses and thus 
increase patient compliance. The ELISA assay presented in this thesis has 
allowed such drug development work to be performed again by virtue of it's lower 
level of delectability and ease of analysis.

2.4.4 Applications

Currently the dose of DFO administered to patients is dependent on their plasma 
iron status as a measure of the efficiency of chelation. This is currently assessed 
using a variety of parameters such as serum, transferrin saturation, serum ferritin 
non-transferrin bound iron (NTBI) and subcutaneous desferrioxamine-induced 
urinary iron excretion (Fargion et al., 1982). The ELISA assay presented in this 
thesis could be used to either supplement or possibly substitute one or more of 
these methods of analysis in that it could give an absolute level of circulating drug 
and a percentage level of chelation at any one given time thus showing if the 
patient was being over of under chelated. Furthermore this assay could possibly
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be converted to a dipstick format with the drug, including it's iron-binding 
metabolites in the patients serum competing with a pre-determined concentration 
of bound drug for an antibody conjugated to a large coloured bead or enzyme 
(Bosompem etal., 1996) which would give a rapid qualitative indication of the drug 
concentration. If this could be designed to robust enough for patient use then it 
may provide an incentive to maintain compliance in that patients would have a 
visual conformation that their drug therapy was working.

Yersinia entrocolitica is a human pathogenic bacterium, like some other bacteria 
it’s growth is enhanced by it’s ability to utilise the iron chelated form of DFO as an 
iron source via ferrioxamine specific receptors (Gaughan et al., 1992, Baumler and 
Hantke, 1992). Sepsis and death as a result of transfusion of blood containing Y. 
entrocolitica is an increasing problem and may be a consequence (of serum 
depletion or additive solutions (Gibb et al., 1994, Gibb et al., 1996) both of which 
impair the normal complement mediated bactericidal process. A method of rapid 
analysis of blood stocks for this bacterial contaminant could prove to be very useful. 
One possible method might be to incubate a sample with ferrioxamine, fix a smear 
on a slide and probe the sample with the anti-ferrioxamine antibody after washing 
and permeabilising the fixed cells. The antibody might be predicted to bind to 
bacterial cells that had selectively taken up the ferrioxamine via a specific receptor 
whereupon it could be detected with an enzyme conjugated anti-species antibody. 
The erythrocytes should not be stained since both desferrioxamine and 
ferrioxamine don’t readily cross the cell membrane of this cell lineage (Rice-Evans 
etal., 1989, Loyevsky etal., 1993).

114



CHAPTER THREE Development of anti-Human Vila ScFv 
antibodies using M13 Phage Display

3.1 Introduction

3.1.1 Human Factor Vila

The blood coagulation pathway is divided into two different pathways which 

meet at a common step in the cascade (similar to the complement system) and 

then terminates with the formation of fibrinous clots. The two convergent 

pathways are termed the contact factor or intrinsic and the tissue factor or 

extrinsic pathways respectively. They are initiated by different events but 

converge at the point of the activation of factor X to factor Xa see figure 67.

The Intrinsic pathway is initiated when blood is exposed to negatively charged 

surfaces such as glass. Individuals who lack prekalikrein or factor XII do not 

bleed abnormally which suggests that this mechanism is not involved with 

haemostasis (Rapaport, 1991). The primary mechanism though for the initiation 

of haemostasis is that of the extrinsic pathway. The cellular initiation of this 

coagulation pathway is mediated by vessel injury or plaque rupture which 

exposes the cell surface receptor tissue factor (TF) to circulating factor VI I/VI la 

(Davie etal, 1991) and results in the formation of an active TFiVlla complex. 

Factor VII is a vitamin K dependent glycoprotein exists as a single 406 amino 

acid protein. It is comprised of 1 a gamma-carboxyglutamic acid rich (Gla) 

domain, two epithelial growth factor (EGF) like domains, a short linker peptide 

and a carboxy terminal serine protease domain (Banner et a/., 1996). The 

active form, factor Vila (FVIIa) is generated by cleavage at residue Arginine 152 

to form a heterogeneous dipeptide held together by one disulphide bond. 

Although It’s physiological activator appears to be membrane bound f\ or Xa 

(Butenas and Mann, 1996) not all the factor VII/TF complexes produced at the 

site of injury are activated (Rao et a/., 1996). Once activated Vila catalyses the 

start of a series of reactions that if unchecked will terminate in the formation of a 

fibrin clot. The enzymatic effect of the TF/Vlla complex is the activation of both
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factors IX and X (Chang et al., 1995) and is calcium dependent (Petersen and 

Persson, 1996).

Intrinsic Pathway

Kallikrein Prekallikrein

Extrinsic Pathway 

Tissue damage
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XIa
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Ca++ Plasminogen

Xa
Urokinase,tissue 
Plasminogen activator

Va

Fibrinogen Fibrin monomer
Plasmin

Fibrin polymer

Xllla Ca

Clot

Figure 67 The Human blood coagulation cascade
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3.1.2 MIS biology/life cycle

There are a wide variety of filamentous bacterial viruses (phage) that are able to 
infect gram negative bacteria. M13, fl and fd are the most studied and used 
members of the Ff family of phage and infect Escherichia.coli which posses the 
F conjugative plasmid. They are cylindrical (7 nm wide and 900-2000 nm long) 
and have a single stranded (ss) DNA genome, (it has a polar structure with five 
molecules of both gp III and gp VI on one end and five molecules of gp VII and 
gp X on the other. The rest of the cylinder is comprised of up to 2700 gp VIII 
molecules which are arranged in an overlapping manner such that the carboxy 
terminal residues (approximately 10-13) are on the inside and it is suggested 
that this region (which is lysine rich) interacts with the sugar phosphate 
backbone of the DNA (Greenwood et al., 1991). The genome encodes for 
eleven different proteins and their functions are summarised in table 21.

Gene Function Gene Function
1 Assembly VII Minor capsid protein
II DNA replication VIII Major capsid protein
III Minor capsid protein IX Minor capsid protein
IV Assembly X DNA replication
V Binding ss DNA XI Assembly

VI Minor capsid protein

Table 21 The functions of phage genome encoded proteins

The genes are encoded on the DNA according to their functions in the life cycle 
of the phage and the genome map for M l3 (van Wezenbeek at al., 1980, 
Webster, 1996) is shown in figure 68. The genes for gp X and gp XI overlap 
and are in frame with the genes encoding gp II and gp I respectively.

Infection of the E.Colils a two step process (Model and Russel, 1988) that is 
initiated by the interaction of the gp III with the F pilus. The pilus then retracts by 
depolarisation of the bacterial pilin sub-units which brings the phage in contact 
with the bacterial inner membrane. The major phage capsid protein (gp VIII) 
then integrates into the membrane and the phage DNA is translocated into the 
cytoplasm using the bacterial Toi QRA system (Click and Webster, 1997). Next 
a complementary strand (-) is synthesised by the bacterial enzymes to convert
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the phage DNA to the double stranded replicative form (RF). This is then the
template for subsequent transcription and translation of all the phage proteins.

g ill

term g VI

g IX g XI
g VII

M13 

6407 bp

g IV

Figure 68 Organisation of the M13 phage genome

Some bacterial enzymes and newly synthesised phage proteins are involved in 
the subsequent synthesis of more RF phage DNA which serves to increase the 
production of phage proteins. The RF phage DNA is tightly regulated as a 

plasmid and is maintained at a copy number of approximately 20-40/cell. 
Production of RF phage DNA continues until the concentration of gp V is such 
that it sequesters newly synthesised ss DNA to form a gp V-DNA complex. The 
gp V-DNA complex is not converted to RF phage DNA but is assembled into 
new phage particles. The assembly occurs at a point where the inner and outer 
bacterial membranes are in close contact.
Assembly is divided into initiation, elongation and termination phases. The 
initiation phase is under the control of the protein gp I. Firstly the gp I protein 
allows the transmembrane protein gp IV to form a channel for phage assembly. 
The gp IV inserts into the outer membrane whilst the gp I and gp XI span across 
from the cytoplasm, through the inner membrane and extends through the 
periplasm to interact with the oliogmeric gp IV to form a continuous channel
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(Russel, 1993). Next the gp VII, gp IX and gp VIII proteins are assembled 
around the DNA. Although there is no evidence for the order in which the 

assembly takes place it may possibly be directed by the gp I. The next phase is 
the elongation phase. This is a progressive series of reactions in which as the 
DNA is extruded through the membrane the molecules of gp V that were 
associated with the DNA are displaced with gp VIII molecules. These reactions 
are catalysed by the cytoplasmic portion of gp I and also require the host 
protein thioredoxin (^im et al., 1985). The final phase of assembly is the 
termination phase. This occurs when the end of the DNA is reached and the 
addition of the other minor capsid proteins gp VI and gp III occurs at the end of 
the gp VIII cylinder. In the absence of either gp VI or gp III assembly continues 
to encapsulate another DNA molecule. In the absence of the gp VI the phage 
containing multiple copies of the genome are very unstable and this suggests 
that the gp VI is responsible for stabilising the phage particle and act as a 
binding site for the gp III. The completed phage is then finally extruded through 
the outer membrane and may be followed by the breakdown of the assembly 
site. This replication process is well tolerated by the host with approximately 
1000 phage being produced in the first generation and 100-200 phage particles 
being produced in subsequent generations. Phage are thus continually 
produced as long as the bacteria continue to grow and divide.

3.1.3 Display systems

A large variety of systems have been developed for the surface display of both 
peptides and proteins. They can be divided into either bacterial or viral display 
systems with the viral systems being sub-divided into viruses that infect 
eukaryotic or prokaryotic hosts.

Bacterial display systems

The development of bacterial display systems had their origin in bacterial 
vaccines. Salmonella strains made non-virulent by irreversible mutations have 
been used as a vaccine vehicle for other bacterial toxins by cloning a synthetic 
oligonucleotide for a toxin epitope into the flagellin gene (Newton et a!., 1989). 
Since bacterial flagella are potent immunogens which evoke both humoral and 
cellular immune responses recombinant flagella can induce an immune
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response to both the flagella as well as the inserted toxin epitope. The “display” 
aspect of this technology has been developed to include less potentially virulent 
bacteria, such as E.Coli. Lu and co-workers (1995) developed a system using 
pFIilrx™ vectors in which they cloned a random dodecapeptide library derived 
from E.Coli thioredoxin into a redundant region of the flagellin gene. These 
peptides were subsequently expressed on the flagellin in a conformationally 
constrained manner and were used to demonstrate specific protein/protein 
interactions with a target protein. The advantages over phage display systems 
is that no infection, purification and re-infection is required and thus should be a 
more rapid system in identifying protein/protein interactions.

Viral display systems

As stated earlier viral display systems are divided depending on whether the 
virus infects a pro or eukaryotic host. Baculoviruses are a group of viruses that 
infect insect cells. They are currently used as an alternative recombinant 
protein expression system to bacteria since eukaryotic proteins often require 
post-translational modifications to attain functional activity and these pathways 
are absent in bacteria. Boublik etal. (1995) have developed an expression 
system in which DNA for recombinant proteins is expressed as a fusion protein 
to the amino terminus of the with the major coat protein gp64. Due to the 
mammalian compatible modification systems (e.g. similar jglycosylation patterns 
and phosphorylation) and the fact that the viruses have a very specific host 
range these display systems may provide an attractive alternative to prokaryotic 
display systems. A variety of other eukaryotic viruses have been suggested as 
vectors for display systems (Burke etal., 1988, Turpen etal., 1995, Usha etal.,
1993) but they been directed for use in vaccine strategies or human gene 
therapy (Ager etal., 1996, Chu and Dornburg, 1997).
Viruses that use bacteria or bacteriophage are the main vector systems used for 
the display of foreign proteins and are either of icosahedral or filamentous 
structure. The icosahedral viral display systems which include T7 (De Massy et 
al., 1987), T4 (Ren etal., 1996) and phage X (Kuwabara et al., 1997, Sternberg 

and Hoess, 1995) are unique in that the displayed protein is expressed as a 
fusion to one of the capsid proteins of the viral “head”. They differ from 
filamentous virus display in that mature phage are released by cell lysis rather 
than being extruded through the membrane and that the displayed protein is 
attached to the head (Mikawa et al., 1996) which is not involved with infection
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into the host. This confers the advantages that the displayed protein does not 
have to be secretable and that it will not in some cases hinder infection due to 
possible steric hindrance.
Filamentous phage display systems are among the oldest and most widely 
used of all the display systems. Although most the vectors are based around a 
family of viruses called the Ff viruses (which include M13, fl and fd), P22 which 
is a bacteriophage of Salmonella typhimurium (Carbonell and Villaverde, 1996) 
has also been used to display an antigenic peptide of foot-and-mouth virus 
(FMDV-VP1). Ml 3, fl and fd are 98% homologous and only differ by one 
nucleotide in size (van Weezenbeek etal., 1980). Two of the minor capsid 
proteins gp III and gp VI and the major capsid protein gp VIII have all been used 
for the display of peptides and proteins although gp III and gp VIII are the most 
frequently used.

Phage display which was originally developed by George Smith (Smith, 1985, 
Parmley and Smith, 1988) relies on using vectors derived from those developed 
by Messing and co-workers and are based on M13mp18/19 and pUC19 vectors 
(Messing, 1983, Yanisch-Perron et a!., 1985, Messing, 1991). These were 
originally developed to produce gp III fusion proteins but subsequent vectors 
have been developed to produce displayed gp VIII fusion proteins (Kang et a!.,
1991). Several commercial systems have been developed for either 
expressing short random peptide libraries (Ph.D.-12™, New England Biolabs 
Inc.) or small antibody fragments such as ScFv’s (RPAS, Pharmacia). The 
vectors can be divided into two types. The first type are phage which has been 
engineered to carry two copies of either the gene III or gene VIII one of which is 
a recombinant. Bacteria infected with these phage produce viral particles that 
have both wild type and fusion copies of the gene (Smith, 1993) displayed on 
the surface. The second type of vector is the so-called phagmid since ( its genetic 
make up allows it to replicate either^ phage or a plasmid. pCANTAB 5E which 
is a commercial phagmid vector (see figure 89) is comprised of the phage gene 
III, the intergenic region and the other elements required for ssDNA synthesis as 
well as an antibiotic resistance gene (Amp )̂ and the E.Coli origin of replication ( 
ColE 1 ori) which allow it to be replicated like other plasmids independently of 
phage function. Although the phagmid carries the Ml 3 origin of replication it is 
unable to produce phage since it lacks the required phage protein genes. 
Mature phage particles are produced by super infection of phagmid containing 
bacteria with variant of wild type phage, M13K07. This phage provides the 
necessary genes to enable the phagmid to be packaged into complete phage.
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Wild type DNA is not packaged as efficiently as the phagmid DNA since it has a 
defective origin of replication (Viera and Messing, 1987).

Sfi I Linker
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iGC,G GCC CAG C, ,G GCC GC/\|
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E tag (2380-2418)I Amber Stop Codon (2425)

Bsm I (2535)Afl III (1876)

C la l(3 3 1 6 )

N d e l(3 5 1 2 )pCANTAB 5 E
4522 bp -EcoR I (3646) 

Nar I (3807)

\  D ra in  (4109) 
BsaA I (4109)Sea I (505)
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Figure 69 A schematic representation of the Vector pCANTAB 5E

The main differences between using gp III and gp VIII display systems is that 
larger protein fragments can be attached to the gp III with generally 1-3 copies 
whilst generally only small peptides (Greenwood et al., 1991) in high copy 
number of approximately 2700 can be displayed on the gp VIII. Recently 
though a combinatorial method has been developed to display larger peptides 
up to 20 amino acids long as a n-terminal fusion protein of gp VIII (Haaparanta 
and Huse, 1995). Monovalent display has also been developed using gp VI 
(Jespers et a!., 1995) and was used to evaluate the binding of a cDNA library 
derived from the parasite Ancylosstoma caninum to trypsin and factor Xa. The 
advantage of this system is that unlike gp III, gp VI is not involved in host
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attachment and therefore an subsequent fusion proteins are unlikely to have an 
effect on replication.

3.1.4 Displayed proteins/peptide libraries

A large variety of peptides (Felici etal., 1995) and proteins including antibodies 
have been expressed on the surface of phage and have been used to bind to or 
interact with a variety of biological ligands. The design of the displayed peptide 
or protein can take two forms. Either a specifically known sequence is cloned in 
or more often known (Souriau et a!., 1997, McCafferty et al., 1990) or randomly 
generated libraries of peptides or antibody gene fragments are produced 
(Petrenko et al., 1996, Burritt et al., 1996, Clackson et al., 1991, Griffiths et al., 
1994). In the case of antibodies libraries of synthetic variable genes have been 
used to generate “antibodies without immunisation” (Lerner et al., 1992, 
Hoogenboom and Winter, 1992) or alternatively a method has been developed 
to generate nearly all the possible antibody variable gene fragments 
combinations (Geoffroy etal., 1994). Peptide libraries are generated by cloning 
in a series of randomly generated oligonuleotides onto theU-terminus of either 
gp III or gp VIII genes (McConnell et al., 1995, Cwirla et al., 1997). Specific 
recognition of a receptor by these displayed peptides or proteins is achieved by 
one of two ways, either affinity panning or selective infection. Affinity panning is 
the most abundant method whereby specific ligands are “fished out” from a pool 
of closely or un-related peptides (Smith and Scott, 1990, Wu, 1996). The 
effectiveness of affinity panning can possibly be enhanced by introducing a 
mutation step in between subsequent rounds of panning (Smith and Yu, 1996, 
Low etal., 1996) such that clones which are initially slightly inferior are not lost 
and may well turn out to be of higher affinity than the originally selected clone. 
Selective infective phage (SIP) is a mechanism by which the ability of a phage 
to infect bacteria is dependent on the interaction of a receptoriligand interaction 
(Krebber etal., 1995). Phage require the gp III protein on the surface of their 
coat to allow attachment and insertion into the bacterial cell via the F pilus. By 
producing a phage with a truncated gp III protein with a\4-terminally expressed 
receptor it can only become infective and replicate when the receptor binds with 
sufficient affinity to a ligand which has the other portion of the gp III either 
synthetically or chemically linked to it’s C-terminus (Spada and Plückthun, 1997, 
Krebber etal., 1997).
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3.2 METHODS

3.2.1 Materials 

Media

LBG 1.0% (w/v) Bactotryptone, 1.0% (w/v) Bacto-yeast, 0.5%
(w/v) NaCI, 20 mM Glucose

M9 plates 1 mM MgClg, 1 mM CaCl2, 1 mM thiamine hydrochloride,
0.1% glucose, 15 g bacto-agar,33 mM Na2HP04, 22 mM 
KH2PO4, 19 mM NH4CI, pH 7.4

PEG/NaCI 20% PEG 8000, 2.5 M NaCI

2 x Y T

2 X YT-G

1.7% (w/v) Bactotryptone, 1% Bactotryptone, 1% (w/v) 
Bacto-yeast, 0.5% (w/v) NaCI

2 X YT, 2% (w/v) glucose

2 X YT-CG 2 xYT, 100 pg/ml carbenicillin, 2% (w/v) glucose

2 X YT-CK 2 xYT, 100 pg/ml carbenicillin, 50 îg/ml kanamycin

2 X YT-CI 2 xYT, 100 pg/ml carbenicillin, 1 mM IPTG

SOBCG 2% (w/v) Bactotryptone, 2.0% (w/v) Bacto-yeast, 0.05%
(w/v) NaCI, 10 mM MgCl2, 110 mM glucose, 100 pg/ml 
carbenicillin
For plates add 15g Bacto-agar 

SOBCG-N SOBCG, 100 pg/ml nalidixic acid
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Radioisotopes

labelled dATP dATP, [a-®®S] 10 mCi/ml

Redivue™ “ P labelled terminators ddGTP, [a-“ P] 450 nCi/ml
ddATP, [a-^®P] 450 nCI/ml
ddTTP, [a-“ P] 450 nCI/ml
ddCTP, [a-®^P] 450 nCi/ml

Soiutions

10 X p-Agarase 100 mM Bis Tris-HCI, 10 mM Na2EDTA pH 6.5 
I buffer

DEPC water
lOx MOPS/ 200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA,
EDTA pH7

NEbuffer2

NebufferS

Northern
loading
dye

50 mM NaCI, 10 mM Tris-HCI, 10 mM MgCl2, 1 mM 
D T I pH7.9

100 mM NaCI, 50 mM Tris-HCI, 10 mM MgCl2, 1 mM 
DTT pH7.9

720 pi formamide, 160 pi lOx MOPS/EDTA, 260 pi 
formaldehyde, 180 pi DEPC water, 100 pi 80% 
Glycerol, 80 pi saturated bromophenol blue

dNTP mix 20 mM GTP, ATP, CTP, TTP

10 X OPA + 100 mM Tris-acetate, 100 mM Mg-acetate, 500 mM K-
buffer acetate pH 7.5

RNA gel buffer 1x MOPS/EDTA, 2% Formaldehyde

10 X Reaction 260 mM Tris-HCI, 65 mM MgCl2, pH 9.5
buffer
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1st Strand mix Cloned, FPLGpure Murine reverse transcriptase, 
RNAguard, RNase/DNase-free BSA, dATP, dOTP, 
dGTP, dTTP

1x TAE 40 mM Tris base, 1 mM EDTA, pH to 8.0 with glacial
acetic acid

1x TBE 100 mM Tris base, 80 mM boric acid, 1 mM EDTA, pH
8.0

I x T E  10 mM Tris-HCI, 1 mM EDTA, pH 8.0

1 X TES 0.2 M Tris-HCI, 0.5 M EDTA, 0.5 M glucose, pH8.0

1 X TSS 1.0% (w/v) Bactotryptone, 0.5% (w/v) Bacto-yeast, 0.5%
(w/v) NaCI, 10% PEG 3350, 5% DMSO 50 mM MgClg 
pH6.5

Primers

pCANTAB 5 sequencing primers (Pharmacia Biotech)

pCANTAB 5-81 5’-d[CAACGTGAAAAAATTATTATTCGC]-3’

pCANTAB 5-83 5’-d[GGTTCAGGCGGAGGTGGCTCTGG]-3’

pCANTAB 5-84 5’-d[CCAGAGCCACCTCCGCCTGAACC]-3’

pCANTAB 5-86 5’-d[GTAAATGAATTTTCTGTATGAGG]-3’

Mouse constant heavy primers 

Forward

IgG 1 5-GGATCCCGGGCCAGTGGATAGACAGATG-3'

lgG2a 5-GGATCCCGGGAGTGGATAGACCGATGG-3'

lgG2b 5'-GGATCCCGGGAGTGGATAGACTGATGG-3'

lgG3 5-GGAACCCGGGAAGGGATAGACAGATGG-3'
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Mouse constant kappa primer

Forward

MCK.F0R1 5’-ATGAGTTTTTGTTCTGCGGCCGCGGATACAGTTGGTGCAGCATC-3'

Mouse variable heavy primers

Reverse

MVH.BACK1 5'-TTATTACTCGCGGCCCAG CCGGCCATGGCCGATGTGAAGCTTCAGGAGTC-3' 

MVH.BACK2 5'-TTATTACTCGCCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGAAG(CG)AGTC-3' 

MVH.BACK3 5'-TTATTACTCGCGGCCCAGCCGGCCATGGCCCAGGTTACTCTGAAAGAGTC-3’ 

MVH.BACK4 5'-TTATTACTCGCGGCCCAGCCGGCCATGGCCGAGGTCCAGCTGCAACAATCT-3’ 

MVH.BACK5 5'-TTATTACTCGCGGCCCAGCCGGCCATGGCCGAGGTCCAGCTGCAGCAGTC-3' 

MVH.BACK6 5-TTATTACTCGCGGCCCAGCCGGCCATGGCCCAGGTCCAACTGCAGCAGCCT-3’ 

MVH.BACK7 5'-TTATTACTCGCGGCCCAGCCGGCCTGGCCGAGGTGAAGCTGGTGGA(AG^TC-3' 

MVH.BACK8 5'-TTATTACTCGCGGCCCAGCCGGCCATGGCCGATGTGAACTTGGAAGTGTC-3'

Forward

MVH.F0R1 5’-GCCACCGCCTCCTGAACCGCCTCCACCTGCAGAGACAGTGACCAGAGT-3' 

MVH.F0R2 5'-GCCACCGCCTCCTGAACCGCCTCCACCTGAGGAGACTGTGAGAGTGGT-3’ 

MVH.F0R3 5’-GCCACCGCCTCCTGAACCGCCTCCACCTGAGGAGACGGTGACTGAGGT-3’ 

MVH.F0R4 5'-GCCACCGCCTCCTGAACCGCCTCCACCTGAGGAGACGGTGACCGTGGT-3’

Mouse variable kappa primers

Reverse

MVK.BACK1 5'-TCAGGAGGCGGTGGCTCTGGCGGTGGCGGATGGGATGTTTTGATGACGCAAACT-3’ 

MVK.BAGK2 5’-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGATATTGTGATGAGGGAGGGT-3' 

MVK.BAGK3 5'-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGATATTGTGATAAGGGAG-3' 

MVK.BAGK4 5’-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGAGATTGTGGTGAGGGAATGT-3' 

MVK.BAGK5 5'-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGAGATTGTGATGAGGGAGTGT-3' 

MVK.BAGK6 5’-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGATATTGTGGTAAGTGAGTGT-3’ 

MVK.BAGK7 5'-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGATATGGAGATGAGAGAGAGT-3’ 

MVK.BAGK8 5’-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGAGATGGAGGTGAGTGAGTGT-3' 

MVK.BAGK9 5’-TGAGGAGGGGGTGGGTGTGGGGGTGGGGGATGGGAAATTGTTGTGAGGGAGTGT-3'
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Forward

MVK.F0R1 5'-ATGAGTTnTGTTCTGCGGCCGCCCGTTTCAGCTCCAGCTTG-3’

MVK.F0R2 5'-ATGAGTTTTTGTTCTGCGGCCGCCCGTTTTATTTCCAGCTTGGT-3'

MVK.F0R3 5VATGAGTTTTTGTTCTGCGGCCGCCCGTTTTATTTCCAACTTTG-3'

Enzymes

Sfi I 
Not I
p-Agarase I 
Thermo Sequenase 
DMA polymerase 
Amplilaq® DMA 
polymerase

10.000 U/ml (New England Biolabs)
10.000 U/ml (New England Biolabs)
1.000 U/ml (New England Biolabs)
4.000 U/ml (Pharmacia Biotech)

5.000 U/ml (Perkin-Elmer)

Control DNA

RNA molecular 
weight markers 
Vh marker 
ScFv marker

(New England Biolabs)

pUC18/ Vh, EcoR l/Xba I digested (Pharmacia Biotech) 
pUC18/A10B, Sfi I/Not I digested (Pharmacia Biotech)

Vector

pCANTAB 5E 50 ng/ml in TE buffer pH7.6 (Pharmacia Biotech)

E.coll and bacteriophage strains

TGI K12 A (lac-pro), supE, thi, hsdA5/F’ [traD36, proAB, lacl ,̂ 
lacZAM15]

HB2151 K12 A (lac-pro), ara, nal% thi, IF  [traDSS, proAB, lacl ,̂ 
lacZAM15]

M13K07 helper 1 x 10̂  ̂ pfu/ml (New England Biolabs) 
phage
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3.2.2 Recombinant phage construction and antibody production

3.2.2.1 Immunisation and analysis of anti-Human Vila antiserum 

Mouse immunisation protocoi

Balb/c mice (Harlen-Olac) aged 10 weeks were each injected subcutaneously 
with r-human Vila mixed (1:1) with Freund's incomplete adjuvant in accordance 
with the protocol in table 22. The final volume of eachjinoculumwas 40 pi. 100 pi 
test bleeds (withdrawn from the peripheral tail vein) were taken two weeks after 
each injection and the serum assessed for antibody titre.

Status Time (Months) Antigen Blood sampling

Pre-immune 0 N/A Pre-bleed
Prime 0 20 pg human Vila No
1 ° Boost 1 20 pg human Vila Yes
2° Boost 2 20 pg human Vila Yes

Table 22 Antibody production immunisation scheme. 

isoiation of serum

For test bleeds, 100 pi of blood was collected from the mouse's peripheral tail 
vein and allowed to clot for two hours at 4°C. The blood was centrifuged at 
1000 g for five minutes to separate the serum, which is removed and stored at 
-20°C. Bulk serum from the final bleed was collected by cardiac puncture whilst 

the mice were under terminal halothane anaesthesia.

Anaiysis of anti-human Viia serum.

The titre of the antibody was determined using ELISA. A schematic diagram of 
the assay protocol used to detect for the presence of antibodies in mouse serum 
is shown in figure 70.
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Figure 70 A diagrammatic representation of the mouse anti-human Vila ELISA.

Human Vila (American Diagnostica, Greenwich Connecticut) was diluted to 2 
|ig/ml in 0.05 M Tris buffer + 2.5 mM CaClg pH 8.4 (Tris/Ca), added to the wells 

of a 96-well (Nunc Maxisorp) microtitre plate (100 pl/well) and incubated 
overnight at 4°G. The wells were washed 4 times with PBS containing 0.05% 

polysorbate 20 (PBS/Tween). Residual adsorption sites on the plate were 
saturated by incubation with 200 \x\ of Tris/Ca containing 0.1% casein 
(Tris/casein) for 1 hour at 37°C. The wells were washed 4 times with 

PBS/Tween. 100 pi of the serum samples to be tested for the presence of 
antibodies to human Vila were diluted in Tris/casein and incubated in the wells 
for 2 hours at 22°C. The wells were washed 4 times with PBS/Tween. A 

horseradish peroxidase conjugated sheep anti-mouse IgG Fc antiserum 
(Sigma, Poole, Dorset, UK) was diluted 1/4000 in Tris/casein and incubated in 
the wells (100 pl/well) for two hours at 22°C. The wells were washed 4 times 

with PBS/Tween. The enzyme conjugated antiserum that had remained bound 
after washing was detected by incubating the plate with 100 pl/well of 2.5 mg/ml 
OPD (horseradish peroxidase substrate) for 30 minutes in the dark. The 
reaction was stopped by the addition of 100 pl/well 1M HCI. The colour was 
measured using a Dynatech MRX microtitre plate reader at 490 nm.

3.2.2.2 Preparation of mRNA and PGR amplification.

Preparation of mRNA

The spleen from an immunised mouse (whilst under terminal halothane 
anaesthesia) was removed under sterile conditions and snap frozen (in tin foil) 
in liquid nitrogen (liq Ng). The spleen was ground to a powder with a sterile 
pestle and mortar under liq Ng. The powder was added to 6 ml of a denaturing
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solution (4 M guanidium thiocyanate, 25 mM sodium citrate pH7, 17 mM N- 
lauryl sarcosine and 0.1 M p-mercaptoethano!) and vortexed until the solution 

was no longer viscous. 0.6 ml of 2 M sodium acetate pH 4 was added and 
mixed by inversion followed by 6 ml of phenol pH 4.3: chloroformiisoamyl 
alcohol (50:49:1 v/v/v) and further vortexed for 10 seconds before incubating on 
ice for 15 minutes. The solution was centrifuged for 15 minutes at 10,000g and 
4°C. The top aqueous phase was removed and added to an equal volume of 
ice-cold isopropanol and the RNA precipitated at -20°C for 30 minutes. The 
RNA was pelleted by centrifugation for 20 minutes at 10,000g
and 4°C. The RNA pellet was re-suspended in 2.5 ml of denaturing solution 
and 2,5 ml of ice-cold isopropanol and the RNA precipitated at -20°C for 30 
minutes. The RNA was re-pelleted be centrifugation as previously described, 
washed with 5 ml of ice-cold 80% ethanol and re-pelleted again. The pellet was 
air dried and re-suspended in 1 ml of DEPC treated water. An aliquot of the 
RNA was diluted 1/250 in DEPC treated water. The concentration and Agec/Agso 
ratio was determined in a GeneQuant II spectrometer (Pharmacia Biotech, 
Uppsala, Swe) according to the manufacturers instructions.

Dnasel purification of mRNA

RNA was treated with DNasel remove any contaminating DNA. 1 ml of RNA 
was added to 100 pi 5x buffer (Promega), 5 pi Rnasin (Promega) and 100 pi 
DNase I (Promega) and incubated at 37°C for 30 minutes. 2.4 ml of phenol pH 
4.3: chloroform:isoamyl alcohol (50:49:1 v/v/v) was added, vortexed and 
centrifuged at 5,000g for 5 minutes. The aqueous layer was removed and 
added to 100 pi of 2 M sodium acetate pH 4 and 1 ml ethanol and precipitated 

at -80°C for 30 minutes. The solution was centrifuged for 15 minutes at 10,000g 
and 4°C, washed with 5 ml of ice-cold 80% ethanol and re-pelleted again. The 
pellet was air dried and re-suspended in 500 pi of DEPC treated water. An 

aliquot of the RNA was diluted 1/100 in DEPC treated water. The concentration 

and A260/A280 ratio was determined as previously described.

Agarose gei anaiysis of RNA preparation

0.5 g of agarose (Difco, Detroit, Michigan, USA) was melted in 50 ml of RNA gel 
buffer, poured into a gel plate and allowed to set. After setting the gel tank was 
filled with 1x MOPS/EDTA. 16 pi RNA sample was added to 4 pi of northern 
loading dye, heated to 65°C for 2 minutes and placed on ice for 1 minute. 1 pi
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of ethidium bromide solution was added and the gel run at 50v for 2 hours. The 
gel was visualised on a UV light box and photographically recorded.

Preparation of mouse and chain gene fragment cDNA iibrary

Vh and chain gene fragment cDNA libraries were generated from total RNA 
by two separate rounds of amplification. RT-PCR was first used to generate an 
immunoglobulin cDNA library and secondly specific Vh and V  ̂ chain gene 
primers were used to generate a library of Vh and V  ̂chain gene fragments prior 
to generating an ScFv-linker construct. The RNA was heated to 65°C for 10 
minutes and placed on ice for 1 minute. RT-PCR reactions were set up (table 
23) for each variable gene fragment primer set. The constant IgG mix was a 
equimolar mix of all four IgG isotype primers. All the mouse primers (Zhou at a/.,
1994) were used at a concentration of 10 pmole/pl. The RT-PCR reactions were 

heated at 37°C for 1 hour.

Total RNA 19 pi
200 mM DTT 1 pi
1 St Strand mix 11 pi
Constant IgG mix 2

Total

Total RNA 19 pi
200 mM DTT 1 1̂
1 St Strand mix 11 pi
Constant k  primer 2 1̂

33 îl Total 33 pi

Table 23 Reaction mixtures for RT-PCR of mouse mRNA

The PCR reactions were set up (table 24), for each individual mouse variable 
heavy back primer and each individual mouse variable kappa back primer. The
forward primers for each set of reactions were an equimolar mix of the
respective Vh and V^ primers.

1 St Strand cDNA 10 îl 1st Strand cDNA 10 pi
GeneAmp®10x PCR buffer 10 pi GeneAmp® lOx PCR buffer 10 pi
dNTP mix 1 pi dNTP mix 1 pi

AmpliTaq® 1 pi AmpliTaq® 1 pi
HgO 74 pi HgO 74 pi

MVH.FOR mix 2 pi MVK.FOR mix 2 pi
MVH.BACK 1-8 2 pi MVK.BACK 1-9 2 pi

Total 100 pi Total 100 pi
Table 24 Reaction mixtures for PCR of mouse cDNA
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All the components for the PCR reaction except the AmpliTaq® were mixed 
together, overlaid with 100 pi mineral oil (Sigma, Poole, Dorset, UK) and heated 

at 95°G for 5 minutes. The AmpliTaq® was added under the oil and the tube 
transferred to a TRIO-block thermocycler (Biometra, Gottingen, D). The 
amplification was performed with 94°C for 1 minute, annealing at 55°C for 2 
minutes followed by extension at 72°C for 3 minutes for 30 cycles. The PGR 
product was removed from under the oil, analysed on an agarose gel and 
stored at -20°G until used.

Agarose gel analysis of DNA preparation

1.5 g of agarose (Difco, Detroit, Michigan, USA) was melted in 100 ml of 1 x 
TAE, poured into a gel plate and allowed to set. After setting the gel tank was 
filled with 1x TAE. 5 pi of DNA sample was added to 1 pi of 6x Blue/Orange 

loading dye. The gel run at 80 mA for approximately 1 hour, stained with 
ethidium bromide solution (60 pg/ml) for 10 minutes and destained for 1 hour in 

HgO. The gel was visualised on a UV light box and photographically recorded.

Purification of PCR fragments by p-agarase I digestion

Several methods exist to purify PGR fragments from a reaction mixture (Ausubel 
et a i, 1987) but the one adopted was that of recovery of PGR fragments from a 
digested low melting point (LMP) agarose gel slice using a size-exclusion 
chromatography spin column.
1 g of LMP agarose (GIBGO-BRL, Paisley, UK) was melted in 100 ml 1x TAE, 
poured into a gel plate and allowed to set. After setting the gel tank was filled 
with 1x TAE. 80 pi PGR sample was added to 20 pi of 6x Blue/Orange loading 

dye. The gel was run at 80 mA, stained with ethidium bromide solution (60 
pg/ml) for 10 minutes and destained for 1 hour in HgO. The gel was visualised 

on a UV light box and the appropriate bands excised. The gel slice was placed 
in an eppendorf tube, weighed, centrifuged and heated to 70°G for 10 minutes 
then placed at 41 °G for 5 minutes. The appropriate amount of HgO, 10 x p- 
Agarase I buffer and enzyme were according to the weight of the gel slice (see 
table 25 for example) and incubated for 1 hour.
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Sample weight (gm) Enzyme (pil) HgO (pi) 10 X p-Agarase 1 
buffer (|il)

Total (|Lil)

0.15 10 20 20 200

Table 25 An example of the appropriate p-agarase digestion mixture

Completeness of digestion was assessed by placing the tube on ice for 5 
minutes and monitored for solidification. The digested agarose solution was 
pipetted into a Microcon-100 microconcentrator (Amicon, Beverly, MA, USA) an 
centrifuged at 500g for 2 minutes. The microconcentrator was then inverted into 
a new sterile eppendorf tube and re-centrifuged. The purified PCR products 
were analysed on an agarose gel and stored at -20°C until used.

3.2.2.3 Preparation of ScFv/M13 phagmid constructs.

Assembly and restriction site PCR of ScFv fragments
The ScFv fragment consists of one gene fragment and one gene fragment
joined together by a flexible polypeptide (Gly^Ser)^ linker. To reduce the 
number of separate reactions needed to generate a library and to reduce the 
possibility of a biased library, a set of sub-libraries were generated using 
different combinations of and gene fragment pools. These and 
pools were generated by mixing together PCR products or approximately 
equivalent concentration of DNA. The various different mouse and mixes 
are shown in table 26.

Mouse Vh mixes MouseV,/mixes

Mouse Vh Ml = MVH. Back 2, 3, 7 Mouse Vk Ml = MVK. Back 2, 5, 6

Mouse Vh M2 = MVH. Back 1, 4, 5, 6 Mouse Vk M2 = MVK. Back 3, 4, 7
Mouse Vk M3 = MVK. Back 1 , 8 , 9

Table 26 mouse V̂ , and \/^ mix identification

134



The generation of six sub-libraries was attempted using a combination of pools 
of Vh gene fragments and gene fragments (table 27).

Sub-library Mouse Vh mix Mouse Vk mix

Sub-library 1 Mouse Vh m i Mouse Vk m i

Sub-library 2 Mouse Vh m i Mouse Vk M2
Sub-library 3 Mouse Vh m i Mouse Vk M3
Sub-library 4 Mouse Vh M2 Mouse Vk m i

Sub-library 5 Mouse Vh M2 Mouse Vk M2
Sub-library 6 Mouse Vh M2 Mouse Vk M3

Table 27 Anti-Vila ScFv sub-library identification

Approximately 50 ng of each pool was used for the assembly so the volumes of 
some of the components varied between experiments. A typical assembly 
reaction is shown in table 28.

Mouse Vh M2 26 pi
Mouse Vk M3 9 îl
GeneAmp® 10x PCR buffer 5 pi 
dNTP mix 2.5 pi
linker-primer mix 4 pi
25 mM MgClg 5 pi
AmpliTaq® 1 pi

Total 52.5 pi

Table 28 A typical reaction mixture for a ScFv assembly reaction

All the components for the assembly reaction were mixed together, overlaid with 
50 pi mineral and the tube transferred to a TRIO-block thermocycler. The 

assembly was performed with 94°C for 1 minute followed by 63°G for 4 minutes 
for 7 cycles. The assembled ScFv fragment was PGR amplified using primers 
that contained restriction sites at the 5' (Sfi I) and 3' (Not I) ends. A mixture of 
restriction site primers, dNTP’s and AmpliTaq® was added to assembled ScFv 
fragment product was (a typical restriction site reaction is shown in table 29) 
added under the oil. The mixture was overlaid with a further 50 pi of mineral oil
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and the tube transferred to a TRIO-block thermocycler. The amplification was 
performed with 94°C for 1 minute, annealing at 55°C for 2 minutes followed by 
extension at 72°C for 2 minutes for 30 cycles. The PCR product was removed 
from under the oil, analysed on an agarose gel, purified by p-agarase digestion 

as previously described and stored at -20°C until used.

MVK.BACK 1 1 pi

MVK.BACK 4 1 pi

MVK.BACK 5 1 pi

MVK.BACK 6 1 pi

MVK.FOR mix 3 pi

GeneAmp® 10x PCR buffer 5 pi

HgO 33.5 pi

dNTP mix 1 pi

AmpliTaq® 1 îl
Total 47.5 pi

Table 29 A typical reaction mixture for a restriction site reaction

Restriction digest of ScFv Encoding Fragments

The assembled ScFv fragment was sequentially digested with Sfi I and Not I to 
allow ligation into the similarly digested pCANTAB 5E phagmid vector. 20 U of 
Sfi I was added to approximately 1 ug of DNA (see table 30), mixed, overlaid 
with 100 pi of mineral oil and incubated at 50°C for 4 hours. After incubation the 
digestion mix was equilibrated to 22°C. Not I digest mix containing 40 U Not I 
(see table 30) was added under the oil and the digestion mix incubated at 37°C 
for 4 hours. The digested ScFv fragment was removed from under the oil, 100 
1̂1 of phenol pH 8: chloroformiisoamyl alcohol (25:24:1 v/v/v) added, vortexed for 

1 minute and centrifuged at 16000 g for 3 minutes. The aqueous layer was put 
in a Microcon-100 inside an eppendorf and centrifuged at 500 g for 10 minutes. 
400 pi of sterile HgO was added and centrifuged at 500 g for 15 minutes. The 

Microcon-100 was inverted into a sterile eppendorf and centrifuged at 500 g for 
5 minutes. The digested ScFv fragment was analysed on an agarose gel as 
previously described.

136



Sfi I digestion mix Not I digestion mix
Sfi I digestion mix 85 pi

DNA 40 pi 10xNEbuffer3 1.5 pi
lOx NEbuffer2 8.5 pi Not\ 4 pi
Sfi I 2 pi HgO 5.9 pi
HpO__________ 34.5 pi_______  3 M NaCI_________3.6 pi

Total 85 pi Total 15 pi

Table 30 Typical reaction mixtures for digestion of ScFv fragment 

Preparation of recombinant phagmid

Approximately 150 ng of the digested ScFv fragment is ligated with 250 ng of 
similarly digested pCANTAB 5E phagmid vector. The ligation mix (see table 31) 
was incubated at 16°C for 1 hour, inactivated at 70°C for 10 minutes, chilled on 
ice for 5 minutes and stored at -20°G until used.

DNA (150 ng) 60 pi
10 X OPA + buffer 8 pi
pCANTAB 5E (250 ng) 5 pi 
10 mM ATP 5 pi
T4 DNA ligase__________ 5_pl____________________

Total 83 pi

Table 31 A typical ligation mixture for preparation of recombinant phagmids]

3.2.2.4 Transformation and affinity panning

Preparation of TGI and HB2151 E.Coii stocks

TGI and HB2151 E.Co//supplied as lyophilised stocks were each resuspended 
in 1 ml of 2 X YT and incubated overnight at 37°C with shaking at 250 rpm. A 
M9 plate was streaked with a overnight cultures of either TGI or HB2151 E.Coli 
and incubated overnight at 37°C. For short term storage the streaked M9 plates 
were stored at 4°C. For long term storage glycerol stocks were prepared as 
follows: 5 ml of 2 X YT was inoculated with a single colony of either TGI or 
HB2151 E.Co//and incubated overnight at 37°C with shaking at 250 rpm. 200
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pi of 80% glycerol was added to 800 pi of an overnight culture, mixed and 

stored at -80°C.

Preparation of competent TGI E.Coli

TG1 E.Coli from a glycerol stock was streaked out onto a M9 plate and 
incubated overnight at 37°C. 5 ml of 2 x YT was inoculated with a single colony 
of TG1 E.Coli and incubated overnight at 37°C with shaking at 250 rpm. 100 ml 
of 2 X YT was inoculated with 1 ml of the overnight culture and incubated at 
37°C with shaking at 250 rpm until the Agoo reached 0.4-0.5. The cells were 
centrifuged at 2500g for 15 minutes at 4°C, gently resuspended with 10 ml of ice 
cold TSS and placed on ice. The cells were used for transformation reactions 
within 2-3 hours.

Transformation of E.coii with recombinant phagmid

1 ml of competent TGI cells were added to separate tubes and stored on ice. 
50-100 pi of each recombinant phagmid was added to the competent TGI cells 

and incubated on ice for 45 minutes, heat shocked at 42°C for 2 minutes and 
then chilled on ice. 100 pi of each tube of transformed cells were diluted 1/10 in 
pre-warmed (37°G) LBG medium. 100 pi of the diluted cells were plated out 
onto SOBCG plates. The negative control (100 pi of untransformed competent 
TGI cells) were also plated out onto SOBCG plates. All plates were incubated 
overnight at 30°C.

Recombinant phage rescue

M13K07 helper phage are used to rescue the recombinant phage from the 
transformed TGI E.Coli since M13K07 provides the necessary genetic 
information to package the phagmid. 9.1 ml of 2 x YT-G was added to 900 pi of 
the transformed TGI cells and incubated at 37°C for 1 hour with shaking at 250 
rpm. Carbenicillin (final concentration 100 pg/ml) and M13K07 (4x10^ pfu/ml) 
was added and the culture incubated at 37°C for 1 hour with shaking at 250 
rpm. The cells was centrifuged at 1000 g for 10 minutes, the supernatant 
removed, the cells resuspended in 10 of 2 x YT-CK and incubated overnight at 
37°C with shaking at 250 rpm. The cells were re-pelleted by centrifugation at 
lOOOg for 20 minutes and the supernatant (containing the recombinant phage)
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transferred to a new tube. The phage suspension was 0.45 pm filtered and 

stored at 4°C until PEG precipitated.

PEG precipitation of recombinant phage

2 ml of PEG/NaCI was added to 10 ml of phage suspension and placed on ice 
for 1 hour. The phage suspension was centrifuged at 10,000 g for 20 minutes at 
4°C, the supernatant discarded and the phage pellet resuspended in 16 ml 2 x 
YT. The phage suspension was 0.45 pm filtered and stored at 4°C until used.

Affinity panning for anti-human Viia phage

Affinity or biopanning is one of the most crucial steps in successfully selecting 
antigen specific phage. The conditions for panning were adapted from those 
used for the ELISA assay to detect phage displaying antigen specific ScFv 
antibody. The difference between the two is that in the affinity panning step 
specific phage that are bound after washing are eluted off prior to amplification 
in log phase TGI cells. 5 ml of Human Vila (diluted to 5 pg/ml in Tris/Ca) was 

added to separate 25 cm  ̂ tissue culture flasks (Costar) and incubated on a 
rocking platform overnight at 4°C. The flasks were washed 4 times with Tris/Ca. 
Residual adsorption sites were blocked with Tris/casein and incubated for 1 
hour at 37°C. The flasks were washed 4 times with Tris/Ca + 0.05% Tween 20 

(Tris/tween) and 4 times with Tris/Ca. 10 ml of phage suspension was blocked 
with an equal volume of Tris/casein for 1 hour at 22°C and then added to the 
flask and incubated for 2 hours at 37°C on a rocking platform. The flasks were 

washed 4 times with Tris/Ca, 6 times with Tris/tween and once with Tris/Ca. 
Phage were eluted off with 2.25 ml of 0.1 M HCI pH 2.2 + 0.1 % Casein for 15 
minutes on a rocking platform at 22°C. The flasks were agitated by tapping and 

the elutes added to separate tubes containing 135 pi of 2 M Tris. 10 ml of log 
phase TGI cells were added to the phage and incubated for 1 hour at 37°C with 
shaking at 150 rpm. 200 pi of cells were removed for subsequent small scale 
rescue. Carbenicillin (100 pg/ml), glucose (2%) and M13K07 ( 4x10® pfu/ml) 
were added, allowed to stand for 5 minutes at 22°C then incubated at 37°C for 1 
hour with shaking at 250 rpm. The cells were centrifuged at 1000 g for 10 
minutes, the supernatant removed and the cells resuspended in 10 ml 2 x YT- 
CK and incubated overnight at 37°C with shaking at 250 rpm. The phage 

supernatant was separated from the cells by two rounds of centrifugation at
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1000 g for 20 minutes. The phage were PEG precipitated as previously 
described prior to further affinity panning or testing.

Small scale rescue

Phage infected cells from the affinity panning stage were diluted 1:10, 1:100, 
1:1000 and 1:10000 in 2 x YT and 100 \x\ of each dilution (plus and undiluted 

aliquot) were plated out onto separate SOBCG plates and incubated overnight 
at 30°C. Individual colonies were picked from the SOBAG plates and incubated 
overnight at 30°G in 600 pi 2 x YT-CG with shaking at 250 rpm. 60 pi of each 

overnight culture was added to separate tubes containing 2 x YT-CG + 5x10® 
pfu/ml M13K07 and incubated for 2 hours at 37°C with shaking at 250 rpm. The 

tubes were centrifuged at 1500g for 10 minutes, the supernatant removed and 
the cells resuspended in 600 pi 2 x YT-CK/ tube. The tubes were centrifuged at 
1500g for 20 minutes, the supernatant decanted in to a new set of tubes and 
stored at 4°C until tested.

3.2.2.5 Analysis of phage expressed anti-human Vila ScFv

A solid phase ELISA was performed to determine the presence of the phage 
expressing ScFv fragments. A schematic diagram of the assay protocol used to 
detect for the presence of phage expressing ScFv antibodies is shown in figure 
71. The phage were also tested for the presence of E-Tag which is only 
expressed if the insert is functional (see figure 72).

oo ° o  o O
(HRP

o

Human Vila

Substrate

anti-phage (gp8) 
HRP

Phage expressing 
anti-Vila ScFv

Antigen

Figure 71 A diagrammatic representation of the phage anti-human Vila ELISA
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Figure 72 A diagrammatic representation of the E-Tag ELISA

Human Vila and anti-E Tag antibody were diluted to 2 pg/ml in Tris/Ca and 

1/1000 in PBS respectively. These were added to the separate wells of a 96- 
well (Nunc Maxisorp) microtitre plate (100 pl/well) and incubated overnight at 
4°C. The wells were washed 4 times PBS/Tween. Residual adsorption sites on 

the plate were saturated by incubation with 200 pi Tris/casein for 1 hour at 
37°C. The wells were washed 4 times with PBS/Tween. The phage samples to 

be tested for the presence of either expressed ScFv antibodies to human Vila or 
E-Tag were diluted 1/2 in Tris/casein and 100 pi was added and incubated in 
the wells for 2 hours at 22°C. The wells were washed 4 times with PBS/Tween. 
A horseradish peroxidase conjugated sheep anti-M13 (gp8 protein) antiserum 
(Pharmacia Biotech, Uppsala, Sweden) was diluted 1/4000 in Tris/casein and 
incubated in the wells (100 pl/well) for 2 hours at 22°C. The wells were washed 

4 times with PBS/Tween. The enzyme conjugated antiserum that had remained 
bound after washing was detected by incubating the plate with 100 pl/well of 2.5 
mg/ml OPD for 30 minutes in the dark. The reaction was stopped by the 
addition of 100 pl/well 1M HCI. The colour was measured using a Dynatech 
MRX microtitre plate reader at 490 nm.
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3.2.2.6 Preparation of ScFv antibody

Infection of HB2151 E.Coli with phage expressing ScFv

5 ml of 2 X YT was inoculated with 10 1̂ of HB2151 E.Coli from a glycerol stock 
and incubated overnight at 37°C with shaking at 250 rpm. 10 pi of overnight 
culture was streaked out onto a M9 plate and incubated overnight at 30°C. 5 ml 
of 2 X YT was inoculated with a single colony (from the M9 plate) of HB2151 
E.Coli and incubated overnight at 37°C with shaking at 250 rpm. 100 ml of 2 x 
YT was inoculated with 1 ml of the overnight culture and incubated at 37°C with 
shaking at 250 rpm until the Agoo reached 0.4-0.5. 0, 2, 4 6 and 12 pi aliquots of 
phage expressing antigen specific ScFv were added to separate 2 ml aliquots 
of the log phase HB2151 E.Coli and incubated for 1 hour at 37°C with 
intermittent shaking at 150 rpm. Each culture was plated out onto separate 
SOBCG-N plates and incubated overnight at 30°C. A colony from each plate 
was inoculated into 5 ml 2 x YT-CG and incubated overnight at 30°C with 
shaking at 250 rpm. Each overnight culture was added to separate flasks 
containing 50 ml 2 x YT-CG and incubated for 1 hour at 30°C with shaking at 
250 rpm. The cultures were centrifuged at 1500 g for 20 minutes, resuspended 
in 50 ml 2 X YT-CI and CG and incubated for 22 hours at 30°C with shaking at 
250 rpm.

Preparation of perlplasmic and whole cell extracts

The cultures from the previous sections were separated into two and each one 
centrifuged at 1500 g for 20 minutes. The supernatants from each set of 
cultures were pooled, filtered through a 0.45 pm filter and again split into two. 

One aliquot was centrifuged through a 50 k o a  Centricon concentrator (Amicon) 
until it was about 25% of the original volume. Both aliquots were stored at - 
20°C until tested. The perlplasmic extract was prepared by resuspending one 
of the cell pellets in 0.5 ml of Ice cold 1 x TES, adding 0.75 ml of ice cold 1/5 x 
TES, briefly vortexing to mix and incubating for 30 minutes on ice. The extract 
was centrifuged at 16000 g for 10 minutes. The supernatant is removed and 
stored at -20°C until tested. Whole cell extracts are prepared by boiling the 
remaining pellet in 0.5 ml PBS for 5 minutes, followed by centrifugation at 
16000 g for 10 minutes. The supernatant is removed and stored at -20°C until 
tested.
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3.2 .3  A n tib od y  charac terisa tion

3.2.3.1 ELISA analysis of anti-human Vila ScFv

A solid phase ELISA was performed to determine the presence ScFv antibody 
fragments. A schematic diagram of the assay protocol used to detect for the 
presence of ScFv antibody fragments is shown in figure 73. The assay was 
performed essentially as discribed previously in section 3.2.2.1 except that anti
human Vila ScFv antibodies were detected using anti-E Tag, followed by a 
horseradish peroxidase conjugated sheep anti-mouse antibody.

(HR P

Human VI

Substrate 

anti-mouse HRP

anti-E Tag 

anti-Vila ScFv 

Antigen

Figure 73 A diagrammatic representation of the ScFv anti-Human Vila ELISA

3.2.3.2 Western blot analysis of anti-human Vila ScFv

Both the human Vila and it’s respective ScFv antibody were analysed by PAGE. 
The human Vila was used to test the specific binding of the ScFv antibody 
whereas the antibody was used to obtain an approximate molecular weight for 
the ScFv antibody.
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Polyacrylamide gel electrophoresis (PAGE).

SDS-PAGE was performed as previously described in section 2.2.1.3 using pre
cast 20% gels run under the same conditions on the Phast system. The gels 
were stained as previously described in section 2.2.1.3.

Western blotting

Proteins in the gels were transferred to nitrocellulose essentially as described by 
Towbin eta!., 1979 but using the Phast Transfer™ semi-dry blotting system. The 

transfer conditions were 20 V and 25 mA for 1 hour. The nitrocellulose was 
briefly reversibly stained with 1% Ponceau S (Sigma) to ensure complete protein 
transfer and residual protein binding sites blocked with 3% BSA in PBS pH7.4 
overnight at 4°C. The blots were washed 3 times with Tris/tween. The Human 
Vila blot was incubated with ScFv antibody (diluted 1/4 in Tris/casein) for 2 hours 
at 22°C on a rocking platform and the ScFv antibody blot was incubated with 
anti-E Tag antibody (diluted 1/500 in Tris/casein) under the same conditions. 
Both blots were washed 3 times with Tris/tween. The Human Vila blot was 
incubated with anti-E Tag antibody for 2 hours at 22°C on a rocking platform and 
the ScFv antibody blot was incubated with horseradish peroxidase conjugated 
sheep anti-mouse antiserum (1/400) under the same conditions. The blots were 
washed 3 times with Tris/tween. The Human Vila blot was incubated with 
horseradish peroxidase conjugated sheep anti-mouse antiserum for 2 hours at 
22°C on a rocking platform. The Human Vila blot was washed 3 times with 
Tris/tween. The enzyme conjugated antiserum that had remained bound after 
washing was detected by incubating both blots with 0.5 mg/ml DAB substrate for 
10 minutes. The reaction was stopped by washing the blots in HgO.

3.3.2.S BIAcore affinity anaiysis

The BIAcore (Pharmacia Biotech, Uppsala, Sweden) detects biological 
interactions due to changes in the angle of reflective light (measured in 
resonance units, RU’s) that are caused by a change in local molecular mass 
associated with the carboxymethylated dextran matrix on the sensor chip. This 
was used for all the affinity analysis since it is sensitive and does not require the 
addition of any reporter molecules. The binding affinity was analysed using the 
BIAevaluation 3.0 software.
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Human Vila (0.5 |iM) was coated on one channel of a CM5 sensor chip 
(Pharmacia Biotech) matrix via a primary amine group. 35 pi of an equi-volume 
mix of 0.05 M NHS and 0.2 M EDC was injected over a flow cell at 5 pl/min to 
activate the carboxymethylated dextran, followed by 35 pi of Human Vila and 
finally 35 pM M ethanolamine pH8.5 to block any residual un reacted sites. The 
experiments were performed with a flow rate of 2 pl/min, samples being diluted 

in Tris/Ca (running buffer) and the flow cell being regenerated with 10 mM 
glycine pH1.9 in between each sample run. The binding of samples on a flow 
cell that had not been coated with human Vila was used as the source of 
background binding. The conditions and report points (rpoint) for the binding 
experiments are shown in table 32.

Time
(minutes)

Action Volume
(pl)

-0:10 Baseline rpoint
0:00 Sample injection 40

20:00 Association rpoint 1
21:00 Association rpoint II
26:00 Disassociation rpoint

26:00 regeneration 6
29:30 regeneration rpoint

Table 32 BIAcore binding analysis conditions

S.3.2.4 DNA Sequencing analysis and CDR alignment

DNA sequencing of the ScFv antibody was essentially performed using the 
chain termination method developed by Sanger et al., 1977 but experiments 
were performed using either radiolabelled dioxy or dideoxy nucleotides.

Preparation o f M13 ssDNA from recombinant phage

M l3 phage contain only ssDNA and are often used as a template for DNA 
sequencing. ssDNA was purified using the Wizard M l3 DNA purification kit 
(Promega, Southampton, UK). Briefly 600 pi of ice cold Phage Precipitant was 
mixed with 1.5 ml of phage supernatant and placed on ice for 20 minutes. The

145



phage suspension was centrifuged at 12,000 g for 10 minutes and the 
supernatant removed. The pelleted phage were resuspended in 500 pi of 
Phage Buffer and 1 ml of Ml 3 DNA purification resin was added. The DNA/resin 
mix was poured into a minicolumn, vacuumed until nearly dry and 2 ml of 80%  
isopropanol added and vacuum dried. The minicolumn was transferred to a 
sterile tube and 100 pi of HgO added. The tube was immediately centrifuged at
16,000 g for 20 seconds to elute the DNA. The purified ssDNA was analysed by 
agarose gel as previously described and stored at -20°C until used.

Preparation o f M l3 dsDNA from recombinant E.Coli

The replicative form (RF) of phage DNA which exists as a plasmid in E.coii as 
dsDNA was purified using a Wizard miniprep kit (Promega). A single colony 
from an M9 plate was inoculated into 5 ml of 2 x YT-CG and incubated overnight 
at 30°C with shaking at 250 rpm. 1 ml of the overnight culture was added to 50 
ml of 2 X YT-CG and incubated for 4 hours at 30°C with shaking at 250 rpm. The 
50 ml culture was processed in 10 ml batches. The cells were pelleted by 
centrifugation at 1400 g for 10 minutes. The supernatant was removed, the cells 
resuspended in 400 pi of Resuspension Solution and 400 pi of Cell Lysis 
Solution added and mixed by inversion and incubated for 3 minutes at 22°C. 
The lysis reaction was stopped by adding 400 pi of Neutralisation Solution and 
mixing by inversion. The lysate was cleared by centrifugation at |l0,00(yor 5 
minutes and added to a minicolumn containing 1 ml of Purification resin which 
was vacuum dried. 2 ml of Column Wash Solution was added and the 
DNA/resin mix was vacuum dried for 30 seconds. The minicolumn was 
centrifuged at 10,000 g for 2 minutes and transferred to a sterile tube. 50 pi of 
HgO was added and the tube centrifuged at 10,000 g for 20 seconds to elute the 
DNA. The purified dsDNA was analysed by agarose gel as previously 

described and stored at -20°C until used.

Preparation o f DNA sequencing reagents

The preparation of samples for sequencing using Sequenase 2.0 DNA 
sequencing kit was used according to the manufacturers instructions using the 
primer combinations of pCANTAB 5-SI/pCANTAB 5-S3 for the chain and 
pCANTAB 5-S4/ pCANTAB 5-S6 for the chain (see figure 74 for the 
sequencing map).
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I pC A N TA B S -R I
5 'A TG A C C A TG A T TA C G C C A A G C TTT G G A G C C TT TTT TT TG G A G A T TTT  
3'TAG TG G TACTAA TG CG G TTC G A AA CG TG G G AA AA AA AA CCTC TAA AA

pCANTAB5-S1
GAAGG TG A AAA AA TTATTA TTG G G AATTG G TTTAG TTG TTG G TTTG TA T
GTTGGAGTTTTTTAATAATAAGGGTTAAGGAAATGAAGAAGGAAAGATA

2314 Sfi I

g g 'g g g g g a g g g g g g g 'n n n n n n g g g g g g a a g g g a g g a g g g t g a g g g

G G G G G G G TG G G G G G G N N N N N N G G G G G G TTG G G TG G TG G G A G TG G G
VH

pC A N TA B 5-S3
TG TG G TG A G G TG G A G G G G G TTG A G G G G G A G G TG G G TG TG G G G G TG G
AG AG G AG TGGAGGTGG GGGAAGTGGG GGTGGAGG GAGAGGGGGAGG

PCANTAB 5-S4Linker
Not I 2379

G G G ATGGGAGATGG AG GTGAGTGAGTGTGGANNNNNNGGGG GGGGA
GGGTAGGGTG TA G G TG G AG TG AG TG A G AG G TN NN N NN G G G G G G G G T

V L
E tag

GGTGGGGGGGTGGGGTATGGGGATGGGGTGGAAGGGGGTGGGGGA
GGAGGGGGGGAGGGGATAGGGGTAGGGGAGGTTGGGGGAGGGGGT

Amber Stop Godon
TAGAGTGTTGAAAGTTGTTTAGGAAAAGGTGATAGAGAAAATTGATTTAG
ATGTGAGAAGTTTGAAGAAATGGTTTTGGAGTATGTGTTTTAAGTAAATG

P C ANTAB 5-S6 2521

TAAGGTGTGG AAAGAGGAGAAAAGTTTAGATGGTTAGGGTAAGTATG 3 ’ 
ATTG G AG AG G TTTG TG G TG TTTTG A AA TG TA G G AA TG G G ATTG A TA G  5’

PCANTAB 5-R 2

Figure 74 Pharmacia Biotech pCANTAB 5 E sequencing map

Thermo Sequenase terminator cycle DNA sequencing kits was also used 
according to the manufacturers instructions with a typical reaction mixture shown 
in table 33.

10x Reaction buffer 2 pi
ssDNA 13 pi
pCANTAB 5-84 or 86 0.5 pi
HgO 2.5 pi
Thermo Sequenase DNA polymerase 2 pi 

Total 20 lull

Table 33 A typical sequencing reaction mixture

4.5 pi of the reaction mix was added to a each of a set of four termination mixes 
(containing 2.5 pi of the respective ddNTP) and overlaid with 20 pi of mineral 
oil and the tube transferred to a TRIO-block thermocycler. The cycling reaction

147



was performed with 95°C for 30 seconds, annealing at 50 or 60°C for 30 
seconds followed by extension at 55 or 72°C for 60 seconds for 30 cycles. The 
lower temperatures for the annealing and extension were used together. 4 pi of 
termination mix was added to each tube (under the oil) and mixed. The 
sequencing product was removed from under the oil and stored on ice or at 
-20°C until used.

Preparation and running of sequencing geis

6% acrylamide sequencing gels were prepared essentially as described in 
Sambrook at a/., 1989 section 13 except that Acryl-a-mix ® 6 (Promega) 
polymerised with 400 pi of 10% ammonium persulphate was used. The samples 
were incubated at 70°C for 5 minutes before loading. 3 pi of the samples were 

loaded in separate lanes and the gel run at a constant 90 W (approximately 50- 
55°C) for 90 minutes followed by a further 90 minutes after a second set of 
samples had been loaded. The gel was dried and exposed to a storage 
phosphor screen (Molecular Dynamics, Chesham, Bucks, UK) overnight. The 
phosphor screen was analysed on a Storm 840 Phosphoimager (Molecular 
Dynamics).

CDR aiignm ent

The nucleic acid sequence was translated into amino acid sequence using the 
the ct-DNA program at the MG Sun web site (http://ct_unix.ph.chbs/) and the 
molecular weight of the protein was determined using the program, Editseq 
(DNASTAR inc, Madison, Wisconsin, USA). The CDR regions of both Vh and Vk 

chain fragments were assigned using the criteria derived from the “AbM” 
algorithm for modelling antibody hypervariable loops (Martin et a/., 1989, 
MacCallum at al., 1996).
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3.3 RESULTS

3.3.1 Recombinant phage construction and antibody production

The results in this section outline the construction of a recombinant phagmid 
encoding the variable heavy and light chain immunoglobulin genes from a mouse 
immunised against human Vila. The subsequent selection and production of a 
specific anti-human Vila phage displayed ScFv antibody and it's analogous 
soluble form are also reported.

3.3.1.1 Analysis of anthhuman Vila serum

Bleeds from the mice were tested for the presence of specific human Vila 
antibodies. The results in figure 75 show that the binding of the three individual 
mice serum was comparable to the commercially available anti-human Vila Mab, 
MAS536P (Sera Lab, Crawley Down, Sussex, UK) but demonstrated a higher 
titre. All sera showed dilution dependent binding. In the same assay a pre
immunisation bleed showed no demonstrable binding.
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Figure 75 ELISA of mouse anti-human Vila test bleeds
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3.3.1.2 PCR amplification of mRNA

Purification of mRNA was attempted and since the recovery using several 
different methods proved unsatisfactory (data not shown) cDNA was obtained 
from total RNA using RT-PCR. Subsequent cDNA was used as a template to 
amplify specific and gene fragments.

340 bp 
325 bp

Figure 76 Agarose gel analysis of PCR amplified and genes

Figure 76 shows the gel analysis of the PCR amplified and gene 
fragments. The MVH.BACK1-7 and 8 primed reactions are shown in lanes 3-9 
and 20, whilst the MVK.BACK1 -9 primed reactions are shown in lanes 11-19. All 
the PCR reactions (except MVH.BACKS) generated fragments of approximately 
340 bp (Vh) or 325 bp (V^). Unimmunised controls and a 100 bp ladder are 

shown in lanes 1-2 and 10 respectively. Several attempts were made to amplify the
MVH.BACKS primed reaction (data not shown) but all were unsuccessful. This 
may be due to that particular primed sequence not being present in the particular 
immunoglobulin mRNA pool used.
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Vh Primer DNA concentration 
(pg/ml)

Vk Primer DNA concentration 
(lag/ml)

MVH.BACK1 2.5 MVK.BACK1 6

MVH.BACK2 1 MVK.BACK2 0.5

MVH.BACK3 0.5 MVK.BACK3 2

MVH.BACK4 4 MVK.BACK4 2.5

MVH.BACK 5 2 MVK.BACK5 0.7

MVH.BACK 6 2 MVK.BACK6 1

MVH.BACK 7 0.3 MVK.BACK7 4

MVK.BACK8 6

MVK.BACK9 6

Table 34 Concentration of PCR amplified and gene DNA.

The approximate concentrations of the and gene fragments were 
determined (table 34) and they where then grouped according to approximately 
similar DNA concentration (see methods section, table 26).

3.3.1.3 Preparation of ScFv/M13 phagmid constructs

Figure 77 Agarose gel analysis of PCR amplified ScFv fragments
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The complete ScFv DNA constructs were analysed and the results are shown in 
figure 77. Sub-libraries 1-6 are in lanes 4-9. A 100 bp ladder, a commercial 
ScFv standard (a digested pUC18 plasmid) and a ScFv fragment derived from 
unimmunised and gene fragments are shown in lanes 1-3. Five of the six 
sub-libraries were adequately amplified but sub-library 3 failed to generate 
sufficient ScFv construct despite repeated attempts with varying the PCR 
conditions. This may be due to the imbalance in the and gene fragments 
caused by the differences in the DNA concentration.

3.3.1.4 Transformation and affinity panning of phage

Table 35 shows the amount of colonies that were generated per nanogram of 
DNA. These results show the transformation efficiency and demonstrate that 
although the cells were sufficiently competent (as demonstrated by the pUCIS 
control) the overall transformation for both the control insert and sub-libraries was 
several orders of magnitude lower.

Insert Colonies/ng DNA

Control vector (pUCIS) 10,000

Control Insert 146

Sub Library 1 2

Sub Library 2 12

Sub Library 3 3

Sub Library 4 6

Sub Library 5 13

Table 35 Transformation efficiencies of anti-Human Vila ScFv sub-libraries
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3.3.1.5 Analysis of phage expressed anthhuman Vila ScFv
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Figure 78 ELISA assay of phage expressed anti-human Vila ScFv antibody

The results in figure 78 show the comparative binding of a phage expressed anti
human Vila ScFv antibody (Phage C1) with that of two specific anti-human Vila 
antisera. In the same assay a media control (2xYT) and a wild type phage 
(M13K07) showed no significant binding. This shows that while the amount of 
phage binding is not high this may be as a result of steric hindrance due to the 
phage blocking other phage from binding to the antigen. This may however be 
offset by the amplification that is afforded by using the secondary antiserum 
which binds to gpVIII of which there are approximately 2,700 copies on every 
phage particle (Webster, 1996).

3.3.2 Antibody characterisation

The results in this section are concerned with the characterisation of the soluble 
anti-human Vila ScFv antibody. This includes epitope analysis and physical 
characteristics. The nucleotide and protein sequence were determined and the 
computational assignment of the hypervariable regions is also reported.
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3.3.2.1 ELISA analysis of anti-human Vila ScFv
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Figure 79 ELISA assay of anti-fiuman Vila ScFv antibody

The results on figure 79 show the specific binding of two preparations of soluble 
anti-human V ila ScFv antibody to previously bound human Vila. The 
concentrated preparation showed a higher titre than the un-concentrated 
preparation demonstrating that the binding was concentration dependent. In the 
same assay two specific anti-human Vila showed greater binding and a pre- 
immune serum showed no demonstrable binding. In a similar assay using an 
unrelated bound antigen (BSA) no binding by the anti-human Vila ScFv antibody 
was observed (data not shown).

3.3.2.2 Western blot analysis of anti-human Vila ScFv

Western blot analysis was performed to both determine the approximate 
molecular weight of the ScFv antibody and to determine the structural epitope 
that the antibody recognises.
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Figure 80 Western blot analysis of anti-E tag probed anti-human Vila ScFv
antibody

The results in figure 80 show the western blot of the supernatant from the ScFv 
antibody preparation probed with anti-E tag antibody. The results from western 
blot clearly shows a single band that is present just below the 29 kDa molecular 
weight standard. Although a band was demonstrated by the antibody a 
corresponding SDS-PAGE gel (not shown) demonstrated that the ScFv antibody 
is not produced to any significantly high level since there is only a faint band at 
the predicted molecular weight of 27.4 KDa (calculated from amino acid 
sequence).
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Figure 81 SDS-PAGE analysis of human Vila

155



97.4 — ►

68 - — ►

43 -

29 -

18.4 — ►

14.3 -

50

Figure 82 Western blot analysis of human Vila probed with anti-human Vila
ScFv antibody

The results in figures 81 and 82 show the SDS-PAGE gel of human Vila run 
under non-reducing and reducing buffer conditions and the corresponding 
western blot probed with the anti-human Vila ScFv antibody. Lanes 2 and 3 are 
the human Vila run under non-reducing and reducing buffer conditions whilst the 
standard protein markers (Gibco-BRL) are in lane 1. The results from the gel 
demonstrate that human Vila is a heterodimeric protein (22 and 28 KDa, as seen 
under reducing conditions) and is held together by a single disulphide bridge 
(Birktoft, 1991). The western blot shows that the antibody only recognises the 
non-reduced form. This suggests that the antibody epitope is near or at the inter
chain disulphide bridge since these are generally disrupted under the reducing 
conditions used. There are also several intra-chain disulphide bridges in the 
human Vila molecule but the antibody epitope is unlikely to be near any of these 
since these are rarely disrupted by the mild reducing conditions used in this 
method.

3.3.2.3 BIAcore affinity analysis

The relative response (RU’s) of the association (binding) phase is measured from 
the start of the injection point to a point just after the end of the injection period. 
The disassociation phase is measured from the previous report point to a point 
just before the regeneration step. The ScFv antibody affinity was determined by 
measuring the slopes of these phases for several dilutions of the ScFv antibody.
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Figure 83 The binding analysis of anti-human Vila antibodies and a 
negative control

The results in figure 83 show the relative response of the two positive control 
antisera and the negative control for the ScFv antibody (2xYT). The Assera VII 
and Vila No3 show an increase in RU value over a period of time with a slow 
decrease after the end of the injection followed by a rapid decrease which is due 
to the addition of the regeneration reagent. Although the 2xYT curve shows an 
increase in relative response this decreases back to the pre-injection baseline 
demonstrating that the increase is due to a change in refractive index (due to a 
difference in the buffer constituents) and not to any specific molecular binding.

The results in figure 84 show the binding of the anti-human ScFv antibody, C l. 
These demonstrate that the binding is concentration dependent and like the 
positive control antisera in figure 83 is a specific interaction. Interestingly though 
the RU figures do not decrease in a linear fashion (see table 33) as would be 
expected rather they decreased roughly four fold for each doubling dilution. This 
may as a result of not all the residually bound antibody being removed by the 
regeneration step (the lowest dilution was performed first) and that harsher 
regeneration procedures might have adversely affected the already bound 
antigen. In contrast there was no such significant reduction in binding for the 
positive control antibodies (which were performed first and then repeated at the
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end) since any such effect would probably be masked by the significantly higher 
binding seen with these antibodies

18000 -,

uT 17000 -

g 16000 -

15000 -

14000 -

13000
0 500 1000 1500

ScFv Cl 1/4 

ScFv 01 1/8 

ScFv 01 1/16

Time (Seconds)

Figure 84 The effect of dilution on the binding analysis of anti-human Vila 
ScFv antibody

Sample rVlla
RU's

Control
RU's

Difference
RU's

Difference -2xYT 
RU's

2xYT 23 4 19 0
01 ScFv 1/4 1619 3 1616 1597
01 ScFv 1/8 377 1 376 357

01 ScFv 1/16 72 1 71 52
a-Vlla No3 2219 334 1885 1862
Assera VII 7947 592 7355 7332

Table 36 A comparison of the relative response (RU’s) of 01 ScFv, a-Vlla No3 
and a commercial antiserum (Assera VII)

The results in table 36 give a numerical representation of the binding of the 
antibodies and show that the ScFv antibody has very low non-specific binding 
when passed over a uncoated sensor chip (control). The affinity constant (Kp) 
was calculated to be 3.7 x 10‘® M which although is in a similar range to the
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affinities calculated for some ScFv antibodies (Marks et a i, 1991, Meng et ai, 
1995) antibodies with affinities as high as 3 x 10'® M have also been reported 
(Vaughan et a i, 1996). No comparative analysis was attempted for the two 
positive control antisera since these are both polyclonal antibodies and therefore 
have a mixed population of antibodies with varying affinities.

S.3.2.4 Sequence analysis and CDR alignment

GCCGATGTGAAGCTTCAGGAGTCAGGACCTGGCCTGGTGAAACCTTCTCAG
TGAGTTTGACTCACCTGCACTGTCACTGGCTACTACATCAACCGTGGTTATA
GGTGGGAGTGGATGGGGGAGTTTGGAGGAAAGAAAGTGGAGTGGATGGGTA
GATTAAAGTAGAGTGTAGGAGTAGTAGAAGGGATGTGTGAAAGTGGAATGTGT
ATGAGTGAGAGAGATGGAAGAAGGAGTTGTTGGTGGAGTTGGATTTTGTGGG
TAGTGAGAGAGAGGGAGATATTAGTGTGGAAGAGGATAGGAGAGTGGTTAGT
TGGGGGGAAGGGAGTGTGGTGAGTGTGTGTGGGTGGAGGGGGTTGAGGGG
GAGGTGGGTGTGGGGGTGGGGGATGGGATATTGAGATGAGAGAGAGTAGAT
GGTGGGTGTGTGGGTGTGTGGGAGAGAGAGTTAGGATGAGTTGGAGGGGAA
GTGAGGAGATTAGGAATTATTTAAAGTGGTATGAGGAGAAAGGAGATGGAAG
TGTTAAAGTGGTGATGTAGTAGAGATGAAGATTAGAGTGAGAGTGGATGAAG
GTTGAGTGGTGTGGAAGAGATTATTGTGTGAGGATTAGGAAGGTGAGGAGAG
ATATTGGGAGTTAGTTTTGGGAAGAGGGTAATAGGGTTGGGTAGAGGTTGGG
AGGGGGGAGGAAGGTGGAAATAAAAGGGGGGGGGGGAGGTGGGGGGGTG
GGGTATGGGGATGGGGTGGAAGGGGGT

Figure 85 The complete DNA sequence of the anti-human Vila ScFv antibody

Figure 85 shows the results obtained from the nucleic acid sequencing reactions. 
The sections of the sequence in black (plain and underlined) correspond to the 
Vh and V  ̂ gene fragments respectively whilst the sections of sequence in red 
and blue are those of the (Gly^Ser)^ linker and E-tag respectively. These were 
obtained by using four different primers pGANTAB 5-SI, S3, S4, SB (see section 
3.1.1). Primers pGANTAB 5-S3 and S4 were homlogous to a sequence in the 
linker but priming in opposite directions whilst primers pGANTAB 5-SI and SB 
were homologous to sequences of the pGANTAB 5E vector and were 5’ and 3’ of 
the Vh and V  ̂gene fragments respectively. Gonventional sequencing methods 
were used elucidate the majority of the data but cycle sequencing was also used
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since conventional sequencing rarely provides accurate data closer than 50 base 
pairs to the primer and in this instance all the primers were within 40 base pairs 
of the unknown sequence data.

ADVKLQESGPGLVKPSQSVSLTCTVTGYYINRGYTWHWIRQFPGNKLEWMATL
NYSVALLQPISQSRISITQTHPRTSSSCSCILCLLRHSHILLCKRIRHCLLGAKGL
WSLSLGGGGSGGGGSGGGGSDIQMTQTTSSLSASLGDRVTISCRASQDISNY
LNWYQQKPDGTVKLLIYYTSRLHSESIKVQWSGTDYSLTISNLSRDIATYFCQQ
GNTLPYTFGGGTKLEIKRAAAGAPVPYPDPLEPR

Figure 86 The protein sequence of the anti-human Vila ScFv antibody

The DNA sequence was translated into the amino acid sequence and is shown in 
figure 86. The hypervariable regions (CDR’s) are shown in blue (CDR1), red 
(CDR2) and green (CDR3) with the regions being plain text and the 
regions in underlined text. The sections of sequence in magenta are those of the 
(Gly^Ser)^ linker and E-tag respectively.

160



3.4 Discussion

This section of the thesis sets out to demonstrate that an amplified variable chain 
cDNA library from an immunised mouse can be used to generate recombinant M13 
phage expressing those variable chain antibody fragments. Also an affinity 
panning system can be used to select a specific single chain antibody fragment, 
that recognises the native form of the antigen used as the immunogen.

In addition initial analyses of both the phage bound and soluble antibody fragment 
has been carried out with respect to it’s physical characteristics and binding 
specificity.

3.4.1 Recombinant phage construction

The amplification of the and chain fragments from the mRNA of the 
immunised mouse spleen was initially carried out using commercial primers 
obtained from Pharmacia Biotech. Repeated attempts were made in which the RT- 
PCR conditions were changed but no and fragments were amplified. This 
was due in part to the nucleotide sequence of the commercial primers since in a 
control in which mRNA from a un-immunised mouse was used the and 
fragments were amplified under every experimental condition employed (data not 
shown). Although different PCR conditions were employed an increase in primer 
concentration (not attempted) has been shown to improve the amplification 
efficiency from random mRNA pools but only in the later cycles of a PCR reaction 
(Czerny, 1996). The lack of amplification by the commercial primers may also be 
due to the fact that some commercial primer sequences are based on germline 
sequences and these may only be present at a very low frequency due to the 
resulting changes caused by affinity maturation and somatic hypermutation. 
Primers based on both protein and nucleotide sequences (Zhou et al., 1994, 
Welschof eta!., 1995) have both been shown to able to amplify large repertoires of 
rearranged Vh and genes or for amplifying genes from individual cells. Although 
the primers described by Zhou et al. were used for the subsequent RT-PCR 
amplification there was still one primer MVH.BACKS which did not amplify any 
genes. This can explained by the fact that the primers received from Dr Robson 
were incorrectly labelled and in fact this is the primer sequence for MVH.BACK10 
which has been shown by Zhou et al. not to amplify VH genes from an immunised
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mouse and may only of use in amplifying rare genes or genes from a naive 
immunoglobulin repertoire.

The ScFv gene fragments were constructed by generating sub-libraries instead of 
one large library. This was performed since although adding all the different V̂ , 
and Vl genes into the same reaction could possibly generate a library with the 
same diversity as that of the sub-libraries the fact that one set of combinations 
failed to amplify would have gone undetected. There are two possible reasons for 
the sub-library 3 not being generated. This may be due to the fact that the ScFv 
gene fragments were constructed using the commercial linker primers instead of 
the ones described by Zhou et al. and may be incompatible with some different 
and Vl gene combinations or that there was an incompatibility between the DNA 
concentrations although every effort was made to normalise them.

The efficiency of transformation was low when compared to that of the control 
vector, pUC19 (table 35). Although the cells were sufficiently competent as 
demonstrated by the control the ScFv sub-libraries were several orders of 
magnitude lower. This probably due to either insufficient digestion of the ScFv 
fragments prior to ligation into the vector or a poor ligation reaction. The efficiency 
of digestion can not be adequately tested since gel analysis of a digested and un
digested fragment would not show up any distinguishable differences although if 
there was an undigested vector with an insert then digestion of this should reveal 
two products, both the vector and it’s insert. The other contributory factor that of a 
poor ligation reaction has been demonstrated since the control insert 
(commercially provided) also showed a low transformation efficiency which was a 
log order better than the best ScFv sub-library. All these factors together 
contributed to a greatly reduced size of the un-panned starting library.

3.4.2 Affinity panning

Affinity panning is the process by which phage expressing antigen specific ScFv 
fragments are “fished out" of a sea of non-specific binders. The panning conditions 
are usually derived from those determined as the most efficient in a previously 
optimised assay system. This is because the pool of reactants that are “panned” 
should be representative of those that would be picked up by the assay system for 
which the final ScFv antibodies are going to be used in. Another factor in the
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panning procedure is the conditions used to infect bacteria with the now 
specifically isolated phage. These conditions were changed very dramatically over 
the course of the thesis. Initially a system was employed whereby log phase 
bacteria were added to a flask that contained ScFv expressing phage that were still 
bound to the surface antigen after extensive washing. This method did not 
generate any specific phage. After discussions with other scientists working in the 
field the methodology of infection was changed such that an “elution step" was 
included. In this step specifically bound phage were eluted off using a low pH 
wash again after washing off any non-specific reactants. The phage removed from 
the antigen by this method were then transferred to another vessel where neutral 
pH was re-established with the addition of Tris base. The phage are returned to 
neutrality after transferring them since if neutralised in the flask most would re-bind. 
This elution step greatly increases the rate of infection since, although the phage 
bound to the antigen in the first method are functionally infective the binding of the 
expressed antibody may well sterically hinder the interaction of the N1-N2 domains 
of the gp III protein which is responsible for attachment and infection (Krebber etal., 
1997), via either a bacterial pilus dependent or independent mechanism. This 
change in panning procedure was performed on an library that had already been 
panned by the previous method since there was no un-panned library or un
transformed vector remaining. Although the new panning method should have 
improved infectivity rates the library by this time was probably already partially 
depleted of it's higher binders, since the bacteria would have only been infected by 
those phage that were not sterically hindered of eluted off in the bacterial broth. 
Panning using solid phase antigen is the most popular and established method of 
selecting for specific binders although a number of alternative methods are being 
developed. The BIAcore™ is now a well respected method for the analysis of 
specific molecular interactions and the determination of affinity constants. A 
modified BIAcore™ biosensor has been used to select phage expressing antibody 
ScFv fragments (Lasonder et a/., 1994, Malmborg et al., 1996) and has the 
advantage that affinity constants of clones can be determined in addition to the 
real-time binding/panning of the phage library. “In vivo veritas" or “live phage 
display panning” is a novel method developed by Pasqualini and Rouslahti (1996) 
in which phage are recovered from mice that have been previously injected with 
libraries of phage displayed peptides. They demonstrated that chemically 
synthesised peptides were able to inhibit the localisation of homologous phage 
peptides into the brain. This has the advantage that the antigen is in it’s most
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natural conformation and may be useful in aiding the targeting of cells, drugs and 
genes into tissues by virtue of identification of selective markers.

3.4.3 Analysis of phage expressed and soluble antl-human Vila ScFv

The binding of the phage expressed ScFv antibody to human Vila was assessed in 
comparison to it's binding to an anti E-tag antibody as well as the blocked plate 
without antigen. This was performed since not only is it possible to have a 
population of phage that bind to plastic (Adey et al., 1995) but also the screening 
showed that some of the phage bound to the human Vila but did not bind to the anti 
E-tag antibody. Since in the protein translation of the ScFv construct the ScFv 
antibody is translated before the E-tag then it would suggest that any phage that 
bind the antigen and not the E-tag are doing so in a non-specific manner since the 
antibody protein construct is unlikely to be conformationally correct. This is 
probably due to the fact that the start codon is upstream of the ScFv antibody 
construct (position 201) and any sequence change in the ScFv antibody that 
causes a frame shift or stop codon to prevent the correct translation of the E-tag is 
likely to have an effect on the ScFv antibody itself. Only one phage expressing a 
conformationally correct and antigen specific ScFv antibody was thus isolated and 
this is probably due to culmination of both the reduced library size generated and 
the initially methodologically impaired panning step.

The soluble ScFv antibody was analysed by ELISA, B IA co re and  western blot to 
assess it’s specificity towards human Vila. Although each techniques can detect 
specificity of binding the ELISA is needed to determine the dilution factor to use in 
the BIAcore’'"'̂  analysis and the western blot provides some information as to the 
antigen epitope. The western blot analysis suggests that the antibody epitope is 
near or at the inter-chain disulphide bridge and this is supported by the fact that 
there is absolutely no binding to either of the separate chains. Although this clear 
evidence of binding to the intact protein it must be born in mind that binding of 
human tissue factor to human Vila is calcium dependent (Head et a/., 1997) and 
that this may have an effect on the antibody binding to the separated forms. Work 
by Higashi etal. (1990) in which a mab to a calcium dependent epitope of bovine 
factor VII was produced shows that antibody binding can be calcium dependent, 
but the epitope is in the Gla-domain of the light chain and unlikely to be affected by
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Chain separation. Although an initial indication as to the location of the epitope 
analysis of the ScFv antibody presented in this thesis has been demonstrated 
further characterisation of the binding with respect to calcium dependence could be 
instrumental in demonstrating the precise epitope.

The original feature of the BIAcore™ was the analysis of protein/protein interactions 
with the subsequent calculation of the binding constant using both the association 
and disassociation rates. This is very useful for determining the affinity of 
antibodies and is now a scientifically accepted method of analysis. Although it has 
been used to measure the binding and selection of phage displayed libraries 
(Lasonder et al., 1994) it is now being used to characterise and epitope map ScFv 
antibody fragments (Malmborg and Borrebaeck, 1995) as well as a tool in the 
measurement of the effect of mutation of various amino acid residues in the CDR3 
region of a previously generated antibody (Schier and Marks, 1996). Although 
only one specific anti-human Vila ScFv antibody was generated during this thesis, 
it's binding affinity is comparable with those generated by other groups (Meng et 
a!., 1995). This suggests that if the modifications made to the method were 
employed on an unpanned library of sufficient size then wider range of antibodies 
with lower and possibly higher affinities might be isolated.

3.4.4 ScFv antibody sequence analysis

The nucleotide sequence of the ScFv antibody was obtained by a two step 
process. Initially cycle sequencing was performed since conventional sequencing 
does not usually permit the accurate analysis of the template sequence much 
closer than 50 bp from the primer. The results from the cycle sequencing though 
failed to produce readable overlapping sequence between the forward 
(pCANTAB5-S1 and S3) and backward (pCANTAB5-S4 and SB) primers even 
though the reagents used suggested that sequences upto 300 bp should be readily 
readable. The nucleotide sequence enabled the ScFv construct to be verified as 
being of the correct theoretical size and in the correct reading frame for functional 
protein expression. The protein sequence and CDR region assignment that was 
computationally elucidated would be important for a variety of future studies. CDR 
data plus crystallographic data might be able to provide a 3-D structure of the 
binding site, whereas mutation studies on the residues in the CDR regions or "DNA

165



shuffling” (Crameri etal., 1996) may well elucidate the possible contact residues 
involved with binding was well determining the effect of those changes on binding 
affinity. Overall although only one ScFv antibody was generated a significant 
amount of information regarding it's physical characteristics and binding properties 
has been established and should provide a good basis for further studies into both 
the properties of this type of antibody and it’s antigenic specificity.
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C O NCLUSIO NS

The methodology for the generation of antibodies has undergone two major 
revolutions in the past twenty two years with many smaller technical advances 
contributing to their ease of use and subsequent popularity. Kohler and Milstein 
(1975) hailed the first revolution with the development of monoclonal antibodies 
in which a virtually un-limited supply of antibodies each having the specificity for 
one antigenic determinant could be generated. With the advent of phage 
display (Smith, 1985) the range of antibodies that could be generated was now 
not restricted to those in which an immune response could be raised against 
an antigen.  ̂ ’ Antibody fragments could be generated against virtually any 
ceterminant regardless of origin or “self” expression and even from the same 
library (Nissim etal., 1994).

This thesis originally set out to develop a rapid and accurate alternative 
analytical method for the analysis of the iron chelating drug Desferal. This has 
been demonstrated by the fact that the ELISA assay developed is as accurate 
as the current hpic method and can be performed in a significantly shorter time. 
If this assay was developed and optimised to fit the standard format of a clinical 
diagnostic apparatus then it could be an invaluable tool for monitoring the dose 
regime of patients who are already on a very intensive schedule of therapy. The 
assay has already shown it’s versatility by being able to not only measure drug 
levels that are currently undetectable by hpIc and that can be quickly adapted to 
measure drug levels in biological samples from other mammalian species and 
so aid the development of a new drug formulation.

The generation of a specific antibody fragment to human Vila by phage display 
is at the other end of the spectrum in terms of both antibody size and technical 
difficulty in production. Whilst an immunised source was used to generate this 
antibody fragment a naive source couJd have effectively been used as an 
alternative. In the time scale of use of the phage display method can be 
infinitely quicker at producing functional antibody units once the molecular 
biology technology has been established. It has the advantage over both 
polyclonal and monoclonal production in that multiple ligands can be selected 
from the same library, and there is less susceptibility to genetic instabilities that 
can be associated with monoclonal antibodies. The phage produced antibody 
has been demonstrated to bind to an as yet fully characterised epitope and may 
prove to be of future use in investigating the area of binding between Vila and 
it’s protein binding partners by virtue of it smaller size. This is because any
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inhibition of binding seen with the antibody fragment is less likely to be due to 
steric hindrance or by-stander effect as a result of molecular mass.

In conclusion although these advances have expanded the ways in which 
antibodies can be developed often in a shorter time and with less 
immunological constraint there is still a niche for the more established methods 
since they still provide valuable tools with a less technically demanding input.
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