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ABSTRACT

Tumour targeting using radiolabelled antibodies for radioimmunodetection (RAID) and 
radioimmunotherapy (RIT) has been studied for many years. The main factors that have limited 
clinical success are low tumour uptake, immunogenicity and poor therapeutic ratios. This thesis 
has applied current technology to make advances in this area of research.

The effect of physical parameters (antibody size, valency, affinity and charge) on the 
design of tumour targeting agents was studied by constructing divalent (DFM) and trivalent 
(TFM) forms of the murine anti-CEA antibody A5B7 Fab' by chemical cross-linking. This 
involves partial reduction of the hinge disulphides to expose thiol (-SH) groups and subsequent 
reaction with a maleimide cross-linker to form a thioether bond at the hinge region. Previous 
studies have suggested that the stability of thioether bonds is superior to naturally occurring 
disulphide bonds present at the hinge region of IgG and F(ab')2 . The aim was to compare the 
functional affinities and in vivo tumour targeting in nude mice bearing human tumour xenografts 
of DFM and TFM to similar sized parent IgG and F(ab')2 . Radiolabelling with l̂ Î and was 
also compared with a view to determine which combination would be optimal for RIT. Results 
clearly demonstrated a significantly faster on-rate of DFM compared to all other antibody forms 
and estimated dosimetry analysis suggested that DFM would be the most suitable antibody form 
radiolabelled with ^̂ Î for RIT. Both F(ab')2 and DFM showed high kidney uptake levels on 
labelling with which is unacceptable for RIT. Despite the improved tumour: blood ratios for 
TFM, the increased estimated dose to normal tissues and lower therapeutic effect in RIT studies 
suggests that the most promising combination with the radionuclide appears to be IgG.

A humanised version of A5B7 hFab' has been constructed previously in order to reduce 
its immunogenicity in man. The in vivo stability of hDFM proved to be superior to hF(ab')2 in 
the nude mouse xenograft model. To study the safety, stability and tumour targeting of hDFM a 
clinical trial using was described here including details of production, characterisation, 
pharmacokinetics and dosimetry.

ScFv's are known to have favourable tumour targeting characteristics compared to whole 
antibodies for RAID. To evaluate the clinical potential of a scFv, the methodology to prepare a 
phage derived scFv with the aid of a subcloned hexahistidine tail was described here. To 
enhance the clinical potential of scFv's a construct consisting of a hinge region containing a 
single cysteine residue was constructed. This enabled site-specific ^^^Tc-labelling and could 
facilitate multimerisation.

One of the major limitations revealed by this and other studies is the problem associated 
with renal accretion of antibody fragments. Various modification techniques and blocking 
effects were used here in attempt to reduce the kidney uptake levels in mouse models. Reduction 
of the pi of A5B7 Fab by attachment of NHS-ester groups was effective in lowering kidney 
uptake levels, but losses in immunoreactivity could limit this approach. Attachment of PEG 
(5kD) to DFM did not adversely affect immunoreactivity and increased the circulation time of 
DFM in vivo. This has implications for reducing kidney uptake levels at early time points, in 
addition PEG is known to reduce immunogenicity of proteins.
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Chapter 1 

INTRODUCTION.

1.1 A n tib o d y  targeting
The proposal that antibodies raised against tumours may have anti- 

tumour effects was investigated by Hericourt and Richet, (Hericourt & Richet, 
1895). In this study it was first reported that patients responded to treatment 
with serum from animals that had been immunised with an osteosarcoma. It 
was unclear how these antibodies were able to distinguish between cancer cells 
and normal tissues, but later it was discovered that cancer cells express specific 
antigenic determinants or tumour markers. Tumour extracts were then used to 
immunise animals and the resulting antisera on injection could bind to these 
markers and were able to discriminate between cancer and normal cells. This 
type of therapy is referred to as passive serothe^y, and relies on stimulation of 
the hosts immune system on antibody binding at the tumour site to destroy 
cancer cells.

Further interest in antibody targeting arose at the turn of the century with 
Erhlich's proposal of selective delivery of therapeutic agents refered to as 'magic 
bullets' that may be able to seek out and destroy their target without any 
detrimental effect on the host (Erhlich, 1906). Due to their natural specificity for 
antigen, antibodies were considered as potential carriers of cytotoxic drugs and 
other killing agents. Site-specific targeting using antibodies as carriers of 
cytotoxic agents has since been widely exploited as an attractive alternative to 
systemic chemo or radiotherapy.

Antibodies raised against tumour antigens for cancer therapy may 
therefore achieve anti-tumour effects through their own effector mechanisms or 
as carriers of radionuclides, drugs, enzymes or toxins for targeted delivery of 
anti-tumour agents.

Early antibody targeting studies made use of whole serum or partially 
purified antisera raised by immunising animals with tumour preparations.
These polyclonal sera contained several species of antibody which recognised 
different epitopes on the same antigen. However, problems associated with large 
scale production, reproducibility, purification and the lack of specificity limited 
the widespread use of polyclonal antisera therapeutically.

The advent of hybridoma technology in 1975 revolutionised the field of 
antibody production. This technology allowed the creation of monoclonal 
antibodies (Mab's), whereby an antibody producing B cell was fused with a 
malignant myeloma cell partner to continually produce a single homogeneous 
species of antibody of predefined specificity in unlimited quantities (Kohler &
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Milstein, 1975). Since then, using the hybridoma technique a vast number of 
Mab's that recognise a wide range of antigenic determinants on the surface of 
human tumour cells have been generated.

1.1.1 Targets
Human tumours possess antigenic sites against which many Mab's have 

been raised. The ideal target for an antibody would be a tumour specific antigen 
present in high levels expressed on the surface of human tumour cells but absent 
from the normal cells of the body. However, as normal tissue often expresses the 
same antigen as the tumour cell but usually at a much lower density, antibodies 
may also bind to some normal cells in addition to the target cell. Tumour 
antigens are therefore generally referred to as tumour associated antigens 
(TAA's). There are however some naturally expressed human tumour specific 
cell surface antigens, for example B-cell lymphomas that express 
immunoglobulin on the surface. Antibodies raised against this cell surface 
antibody (anti-idiotype) may result in the generation of a specific malignant 
clone (Stevenson & Stevenson, 1975).

TAA's can be classified according to their structural and functional 
similarities (Herlyn et al., 1990). Some of the first to be characterised were 
oncodevelopmental antigens such as carcinoembryonic antigen (CEA) (Gold & 
Freedman, 1965), a-fetoprotein (AFP) (Abelev, 1971), and the hormone human 
chorionic gonadotrophin (hCG) (Bagshawe et al., 1980). This type of tumour 
antigen may be secreted from cancer cells into the blood stream. Serum levels of 
antigen can be used as tumour markers and are often an indicator of the 
progression of disease in patients. A raised tumour marker level may also be an 
early indicator of recurrent disease (Brady et al., 1987).

Mutant proteins are another type of antigenic determinant which arise 
from random mutations in the DNA of cells following exposure to chemical 
carcinogens or ionising radiation. Cells may also be transformed by oncogenic 
viruses that synthesise mutant proteins that are similar to normal expressed 
products of genes referred to as proto-oncogenes. Cell surface epidermal growth 
factor receptor (FGFR) expressed in large amounts on solid human tumours such 
as ovarian carcinoma (Owens et a l, 1991), and c-erb B2, a membrane bound 
tyrosine kinase receptor expressed highly on carcinomas of the breast (Herlyn et 
al., 1990), belong to a group of proto-oncogenes which stimulate angiogenesis. 
The recently identified genetic mutations in the form of the tumour suppressor 
p53 gene present on the majority of tumours may also prove to be a useful 
therapeutic target (Watson & Sikora, 1989). Antibodies have been raised against 
antigens present on tumour vascular endothelial cells (Clarke and West, 1991) 
but normally show some cross reactivity with normal endothelium. The recent
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discovery of vascular endothelial growth factor (VEGF), of which high levels of 
expression are associated with many tumour types, may allow specific targeting 

of the tumour vasculature (Burrows & Thorpe, 1994). Antibodies to the VEGF 
receptor present on vascular endothelial cells on binding may cause a blocking 
effect of angiogenic factors essential for the growth and metastasis of tumours 
(Holmgren et a l, 1995).

Another form of putative tumour specific antigen may arise from 
expression of altered carbohydrate residues expressed on tumour cells.
Examples of carbohydrate antigens include polymorphic epithelial mucin 
produced by breast carcinoma cells which carries a shorter carbohydrate side 
chain than the same mucin produced by normal cells; and a sialylated form of the 
glycolipid related to the Lewis^ blood group antigen is expressed on foetal 
intestinal cells and strongly in colonic cancer (Herlyn et al., 1990).

Many of the Mab's produced have shown high affinity to TAA's but with 
varying specificity. Those with the lowest cross-reactivity with normal tissue 
have been considered for clinical imaging and therapy studies. However, the 
selection of antibodies for tumour targeting is a complex issue and there are 
many other factors discussed later in this chapter that should also be considered.

1.1.2 Antibodies alone
Antibodies have been exploited as therapeutic agents for cancer therapy 

by stimulating the natural effector mechanisms or the immune response in 
patients. The process of antibody binding to target cancer cells can activate the 
complement pathway as C lq binds to the Fc portion of cell bound antibody and 
triggers a cascade of other complement proteins to induce tumour cell lysis. 
Effector macrophages and natural killer cells of the immune system also adhere 
to antibody bound to target cells by means of Fc receptors, to produce antibody- 
dependent cell mediated cytotoxicity (ADCC), (Reviewed by Dillman 1994).

Many clinical studies have been performed using Mab's raised against 
various tumour antigens. In a recent adjuvant therapy trial an IgG 2a Mab raised 
against the colorectal cancer antigen 17-lA was administered to 189 colorectal 
cancer patients (Duke's stage C), an increase in 5 year survival rate of up to 30% 
was reported. (Riethmuller et a/.,1994). However, it has not yet been established 
whether the responses were due to activation of effector mechanisms directly or 
by other more indirect antibody-induced mechanisms such as an anti-idiotype 
network response or T-cells reacting to mouse immunoglobulin. Mab's have also 
shown some success in clinical trials for immune suppression associated with the 
autoimmune graft versus host disease. The Mab, OKT3 which binds to the CD3 
antigen of the T cell complex (Waldmann,1991), has been licensed for the 
treatment of acute allograft rejection on the basis of its superiority in clinical
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trials (93% reversal of acute rejection) to conventional immunosuppressive 
agents (75% reversal).

Another approach to enhance ADCC is to produce bispecific antibodies 
(BsAb's) that link the tumour target directly to trigger molecules on target cells 
(Fanger & Guyre, 1991). Bispecific antibodies have been designed to have an 
antigen binding site for receptors on cytotoxic cells (e.g. CDS antigen on T cells) 
on one arm and on the other a binding site for tumour antigen. This stimulates 
the ability of cytotoxic cells to induce cell lysis and may allow release of 
cytokines from T cells at the tumour site that contribute to the therapeutic effect 
by diffusing to other effector cells and activating them. In a preliminary clinical 
study a bispecific antibody to HER2/neu antigen and the Fc receptor type I 
(FcyRl) expressed on monocytes, macrophages and activated neutrophils, 
mediated ADCC and produced a rise in serum levels of cytokines (IL-6, G-CSF 
and TNF-a) which co-stimulate the immune system to induce cytotoxic action 
(Keler et al., 1995). In a larger study of 20 patients with malignant glioma, 10/20  
patients were injected intracranially with an anti-CD3/anti-glioma BsAb after 
tumour resection, irradiation or chemotherapy. After 2 years 76% of patients 
injected with targeted BsAb were tumour free compared with only 33% of 
patients who were not given BsAb's (Nitta et al., 1990).

Antibodies generated against human B-cell lymphomas (anti-idiotypic) 
have the advantage of being tumour specific and have shown encouraging anti
tumour effects in clinical trials (Meeker et al.,1985). However, this level of 
specificity requires raising Mab's for each individual patient which is expensive 
and time consuming. An alternative therapeutic approach involves the use of 
anti-idiotypic (Ab2) antibodies directed against the hypervariable region of 
antibodies, and anti-anti-idiotypic antibodies (Abg) that are made in response to 
Ab2 and which may form the mirror image of the TAA. Injection of Ab2 and 
Abg have shown evidence of induced protective immunity against tumours in 
animal systems (Koido et al., 1995) and in cancer patients (Durrant et al., 1994).

1.1.3 Antibodies as carriers

1.1.3.1 Antibody-drug conjugates
Many anti-cancer drugs including adriamycin (Oldham et al.,19SS), 

methotrexate (Kanellos et al., 1985) melphalan (Tjandra et al., 1989) and 
daimomycin (Amon & Sela, 1982) have been successfully conjugated to Mab's for 
selective tumour delivery. This site specific mechanism of delivery, potentially 
improves the therapeutic ratio of the drug by targeting the drug directly to the 
tumour as antibody conjugate rather than administering the free drug 
systematically. The biodistribution of conjugated drug will also differ to that of
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free drug and should facilitate slow and continuous release of drug coupled with 
a possible reduction in the overall toxicity. This is especially attractive if the 
antibody-drug conjugate is inactive until internalised into target cells.

Clinical studies so far have been limited in their success (Takahashi et 
al.,198S), due to low levels of drug at the tumour site and losses in potency of 
drug and antibody binding during conjugation. More recently enedienes 
(Nicolaou et ah,1992) such as calicheamicin or fluoropyrimidines (Henn et ah,
1993) have been synthesised that kill cells by DNA damage, and these may prove 
to have greater effects clinically. Plant toxins with superior potency have also 
been considered clinically.

1.1.3.2 Antibody-toxin conjugates
Immunotoxins consist of antibodies conjugated to protein toxins usually 

of plant or bacterial origin. Toxins are highly active molecules that enzymatically 
inactivate protein synthesis leading to cell death. In recent years many 
immunotoxins have been developed for clinical use, (Reviewed by Pai et a l, 1993) 
and the majority of the clinical studies have incorporated ricin A chain as the 
toxin (Calvette et al., 1993; Thorpe et al., 1987; Blakey et al., 1992). Other 
commonly used toxins include saporin, diptheria and pseudomonas endotoxin A  
(Sung et al., 1993; Pai et al., 1993). The toxin once bound to the cell surface is 
internalised, enters the cell cytosol and catalytically inactivates protein synthesis 
(Olnes et al., 1989).

Some encouraging anti-tumour effects have been shown clinically. Vitetta 
et a l, (1991) reported a phase I trial consisting of an antibody Fab' fragment to 
CD22 (antigen present on normal precursor B-cells, B-cell neoplasms and resting 
B-cells) conjugated to deglycosylated ricin A toxin. Partial responses lasting up 
to 4 months were observed in 38% of the patients treated with non-Hodgkin's 
lymphoma who had >50% CD22+ tumour cells.

Many of the clinical trials recorded have however been limited by the dose 
that may be safely administered. The toxic side effects of vascular leak syndrome 
is the major problem which appears to be determined by the duration that 
immunotoxins remain above certain threshold blood concentrations (Amlot et al.,
1994).

1.1.3.3 Antibody-enzyme conjugates
A  therapeutic strategy has been designed to improve the effectiveness of 

delivering antibody-cytotoxic drug conjugates to tumours and reduce systemic 
toxicity. This system, referred to as antibody-directed enzyme prodrug therapy 
(ADEPT), uses an enzyme capable of converting a non toxic prodrug to active 
drug at the tumour site (Bagshawe, 1987). The first stage is to deliver antibody-



17
enzyme conjugate to the tumour. After natural clearance of the conjugate from 
the blood with time, or accelerated clearance with the aid of a clearing antibody 
(Sharma et al., 1994), the prodrug is administered (stage 2). The prodrug is 
activated by the localised antibody-enzyme conjugate to allow killing of cells 
within the tumour. This approach has 2 main advantages over other antibody- 
conjugate methods: i) the drug can freely diffuse to and destroy nearby tumour 
cells which are antigen negative, giving an amplified killing effect known as the 
bystander effect', and ii) the administration of inactive drug systematically 
reduces the toxicity to normal tissues. A pilot scale clinical trial using the 
bacterial enzyme carboxypeptidase G2 (CPG2) coupled to the murine anti-CEA 
antibody A5B7 was reported recently giving 5 partial or mixed responses out of a 
possible 8 assessable patients.

1.2 A n tibodies as carriers o f radiation
The first experiments using radiolabelled antibodies in vivo were 

conducted by Pressman & Keighly in 1948, who reported the localisation of 
iodine labelled anti-rat antibodies in rat kidneys. Soon after this one of the first 
successful therapeutic responses to radiolabelled antibodies was recorded in 1951 
(Reported by Beierwaites, 1988). Metastatic tissue was surgically removed from 
a patient with malignant melanoblastoma and rabbits were injected with the 
tumour cell suspension. Partially purified immunoglobulin (90 mg approx) from 
the immunised rabbits radiolabelled with 27mCi Iodine-131 (^^ Î) was then 
injected into the same patient. One month later a 40% reduction in metastatic 
groin lesions was observed and a further injection resulted in complete tumour 
regression. The pioneering work by Pressman and colleagues in 1957 
demonstrated tumour specific targeting of anti-ascites lymphosarcoma antisera 
to animal tumours compared to non-tumour antibody using a paired label 
technique with 1 and ^̂ 3% respectively (Pressman et al., 1957).

Although animal tumours had been used to demonstrate radiolabelled 
antibody targeting, a fundamental step towards generating a reproducible model 
system was the generation of human xenograft tumours. Goldenberg et al.,
(1974) and Mach et al., (1974) were among the first to demonstrate that anti-CEA 
antibodies radiolabelled with 1 could localise to human colon carcinoma 
xenografts expressing CEA implanted into hamster cheek pouches or athymic 
nude mice. Transplantation of human haematological tumours to nude mice has 
proved to be difficult, resulting in a lack of disseminated growth usually in the 
form of ascites. More recently, severe combined immunodeficiency or SCID mice 
(Bosma et al., 1983), with almost a complete absence of functional T- and B- cells 
has facilitated the growth of normal and malignant human tissues in these mice. 
Implanted tumours in SCID mice grow in a disseminated manner to various
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tissues, similar to the manifestation of haematological tumours such as B-cell 
leukaemia or lymphomas in patients (Kawata et a l, 1994).

Transgenic mice with tissue specific expression of tumour antigen similar 
to that observed in humans may also prove to be useful in the future as an in vivo 
pre-clinical screening test (Peat et a l, 1992; Pèlegrin et a l, 1992).

Although differences do exist between model systems and the human 
situation, mice bearing human tumours are still widely used to screen potential 
antibodies for clinical trials.

Antibody targeting of radioactivity has been exploited for clinical use in 
two main areas: for detection purposes and for therapy. If the antibodies are 
radiolabelled with a radionuclide that emits gamma rays which can be 
determined externally by nuclear medicine imaging equipment, tumour 
detection may be achieved. When enough radioactivity is carried to the tumour 
tumour cell killing may be achieved by a radiotherapeutic effect.

1.2.1 Radioimmunodetection
Radioimmunodetection (RAID) or radioimmunoscintigraphy (RIS) of 

cancer in patients was first reported by Goldenberg et a l, in 1978, using 
polyclonal anti-CEA antibodies labelled with l^^I. Shortly afterwards 
radiolabelled antisera to hCG (Begent et a l ,  1980) and AFP (Kim et a l, 1980) 
produced images of small tumour deposits in patients. One major limiting factor 
in these studies was the high levels of background radioactivity outside the 
target tissue, and most of these early studies required some form of image 
correction to improve the quality of images. The use of a dual isotope correction 
involving injection of another radionuclide usually technetium (99mpc) as 
free isotope or attached to human serum albumin was frequently used to subtract 
blood pool activity.

The first clinical study using monoclonal antibodies against CEA 
radiolabelled with ^̂ Î was performed in 1981 (Mach et a l, 1981). A similar 
99mxc image subtraction technique was used, which resulted in successful 
images in 14/28 of patients who were entered into the study. Since then, a large 
number of studies have reported excellent specificities and sensitivities for cancer 
detection (Reviewed by Larson et a l, 1994).

Although 1311 has been used widely for immunoscintigraphy, the isotope 
has a relatively long half life of 8.05 days and high gamma emission (365 keV). 
Other suitable radionuclides such as technetium 99m (99mTc), indium 111 (HIIn) 
and iodine 123 (H3%) have shorter half lives (6 h, 67 h and 13 h respectively), and 
lower y-energies (141,159, and 159 keV respectively). Improved imaging quality 
may be achieved using these radionuclides rather than 1 3 1 because of the
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greater efficiency of gamma cameras for recording lower y-emission. The shorter 
half life also results in a reduced exposure of patient's normal tissues to 
radioactivity, and more recently these radionuclides have been successfully 
conjugated to antibodies for imaging purposes (Reviewed by Divgi, 1995;
Dejager et ah, 1993).

1.2.1.1 Clinical studies
Many clinical RAID studies using radiolabelled Mab's against a wide 

range of tumours have been performed. Table 1.1 outlines some of the phase I/II 
RAID clinical trials involving detection of solid tumours, and briefly describes 
the findings. To date, only one murine antibody OncoScint (B72.3) labelled with 
m  In, has been licensed (approved by the US Food and Drugs administration, 
FDA) for use as an ovarian and colorectal cancer diagnostic imaging agent,
(Doerr et a l, 1991). Results of a multicentre trial of 108 presurgical patients 
concluded that immunoscintigraphy with this radiopharmaceutical was more 
sensitive than computerised tomography (CT) X-ray scanning, in detecting 
primary or recurrent ovarian tumour lesions (Surwitt et al., 1993).

Recent advances involving reconstruction of tomographic images by 
single-photon emission computerised tomography (SPECT) (Green et a l, 1990) 
and positron emission tomography (PET) (Kairemo, 1993) have increased the 
sensitivity and resolution of RAID images. Planar images enable detection of 1-2 
cm lesions whereas tumours as small as 0.3-0.5 cm have been identified by 
SPECT (Goldenberg, 1991). Several publications have shown that RAID with 
various radioimmunoconjugates is sufficiently sensitive to detect occult tumours 
which could not be identified by other modalities (Bomanji et a l, 1988; Epenetos 
et al., 1985; Haseman et al., 1992). In certain situations RAID is also superior to 
conventional CT or magnetic resonance imaging (MRI) for detection of small 
residual or recurrent disease. More recently image fusion techniques have 
generated a combined anatomic image of CT or MRI scans with the antibody 
localisation image, by matching precisely corresponding CT or MRI and SPECT 
transaxial slices (Larson et a l, 1995).

Improved labelling methods, the use of faster clearing antibody fragments 
to enhance tumour to normal tissue background, and advances in image fusion 
technology hold the potential for optimising RAID in the future.



Table 1.1: Radioimmunoscintigraphy in solid tumours.
20

Tumour Mab Patients Detection rate Ref

Ovarian 131i_791t /36 11 11/12 
Positive scans

Symonds
(1985)

Ovarian 99mxc-SM3 45 100% Sens 
73% Spec

Granowska
(1993)

Melanoma 99mxc-225.28s
F(ab')2

20 92.8% Sens Bomanji
(1988)

Germ cell 131I-A161/ 
131I.W14 or SBIO

37 23 True + /-  
14 False + /-

Begent
(1994)

Breast 131l-3E12(IgM) 9 9 /9
Positive scans

Thompson
(1984)

Colon 1231-35 F(ab’)2  

& Fab
17 Fab 
13 F(ab’)2

82% Fab 
89% F(ab’)2  

Detection

Delaloye
(1986)

Colon 99mxc-BM431/26 14 91% Sens 
87% Spec

Baum
(1989)

Colon 99mxc-IMMU-4
Fab'

26 73-95% Sens 
63-94% Spec

Moffat
(1994)

Colon lllln-CYT-103 115 69% Sens 
(CT 68%)

Collier
(1992)

*Sens refers to sensitivity of images (number of true positive results) and Spec 
refers to specificity of images (number of true negative results).
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1.2.1.2 Intraoperative RAID

Radiolabelled anti-tumour antibodies have also been administered pre- 
operatively to improve the accuracy of surgical resection. This technique, 
referred to as radioimmunoguided surgery (RIGS), relies on antibody localising 
in the tumour and clearing from normal tissues. A 1 cm gamma detecting 
cadmium telluride hand held probe is used to trace the tumour, and suspected 
tumour tissue is then resected. 1̂ 5 j ig  ̂low energy auger emitter, and is most 
frequently used for RIGS. Encouraging results in 83 patients have shown 98.7% 
localisation of the antibody 1^^I-A5B7 to primary colorectal cancers and 88% of 
recurrent tumours (Theodorou, 1995). RIGS has also demonstrated it's 
usefulness in patients with colon cancer who have resectable hepatic metastasis, 
and for detection of occult tumours. (Cohen et a l, 1991).

1.2.2 Radioimmunotherapy
Shortly after the ability to successfully image human tumours with 

radiolabelled antibodies was first demonstrated there was a natural progression 
towards the use of higher doses of radioactivity for therapeutic purposes, this is 
referred to as radioimmunotherapy (RIT). This form of therapy was seen as an 
attractive alternative to conventional external beam radiation, by targeting 
radiation to tumour sites in specific areas of the body thus reducing the toxicity 
to normal tissues.

The first attempts at RIT were performed in the 1950-1970's with the use of 
iodine labelled polyclonal antibodies (Bale & Spar, 1957; Goldenberg et al., 1974; 
Mach et a l, 1974). However, most clinical studies have commenced since the 
discovery of hybridoma technology in 1975. A large number of radiolabelled 
Mab's with high antigenic specificity have since demonstrated some encouraging 
responses with some complete remissions reported in animal models and 
patients (Reviewed by Reilly, 1991; Jurcic & Scheinberg, 1994; Bischof-Delaloye & 
Delaloye, 1995).

Animal models have been used extensively to study RIT, as they readily 
permit the study of tumour dose response relationships and normal tissue 
toxicity. Many studies have reported good therapeutic responses in human 
tumour xenograft models implanted into nude mice. Buchegger and colleagues 
injected therapeutic doses of a mixture of 3 Mab's or fragments directed against 3 
different CEA epitopes radiolabelled with 1. Therapeutic responses were 
achieved in nude mice xenograft models producing tumour regression of 4-12 
weeks (Buchegger et a l, 1988) or complete tumour ablation (Buchegger et al.,
1989). Effective tumour regression has also been demonstrated in similar 
xenograft models, using single antibodies to CEA, radiolabelled with therapeutic 
doses of 1 (Pedley et al., 1993), and in other types of tumour xenograft models
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(Blumenthal et al., 1992; Buchsbaum et al., 1995a) with various radionuclides 
(Sharkey et al., 1990; Schott et al., 1993).

There are many factors that must be considered if successful RIT in 
humans is to be achieved. The overall objective of RIT is to deliver a sufficiently 
large dose of radiation to the tumour with little damage to the normal tissues.
The slow clearance of radiolabelled antibodies from the circulation and the time 
necessary to achieve maximum uptake by the tumour often result in large 
radiation doses to normal tissues. For effective RIT, a high cumulative dose is 
required but it must be delivered at a high enough dose rate to achieve optimum  
cell kill and to offset DNA repair mechanisms (Fowler et al., 1990). One of the 
primary considerations of RIT is toxicity resulting from irradiation of 
radiosensitive normal tissues, in particular the bone marrow. It is this toxicity 
(myelotoxicity) that usually limits the dose of radiolabelled antibody that may be 
administered therapeutically.

Tumour morphology varies considerably between different types of 
tumour and within tumours (Reilly, 1991). The distribution of malignant cells in 
tumours is not homogeneous and there may be areas of necrosis or antigen 
negative cells which are relatively inaccessible to radiolabelled antibodies. The 
radiation dose required to achieve tumour ablation is also dependant on the 
sensitivity of the tumour to radiation. Haematological tumours have a more 
efficient blood supply, antigens used as targets are usually present in a high 
proportion of tumour cells, and these tumours are generally more radiosensitive 
than poorly vascularised solid tumours (Begent, 1990). As a result some of the 
most encouraging responses to RIT have been achieved in patients with more 
accessible smaller tumours or radiosensitive haematological tumours such as 
lymphomas and leukaemia's (Jurcic & Scheinberg, 1994; Grossbard et al., 1992).

It is therefore important to select the best combination of antibody and 
radionuclide to suit individual tumours. Desirable characteristics concerning 
optimal delivery require that:
1. The antibody carrier should be highly specific for tumour and minimally 
reactive with normal tissues.
2. The antibody should target tumour rapidly and be retained in the tumour with 
a half-life that exceeds that of normal tissues.
3. A suitable radionuclide and stable attachment is required to achieve high 
radiation doses to the tumour.

Important parameters concerning choice of antibody will be discussed 
later in this chapter. The morphology and radiobiology of the tumour must also 
be considered before selecting appropriate radionuclides for RIT.
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1.2.2.1 Radionuclides for RIT

Radionuclides can be selected depending on the anatomical characteristics 
and radiosensitivity of the tumour (Humm, 1986). For large solid tumours in 
which there may be areas of antigen negative cells or necrosis, for example in 
colorectal tumours, a higher energy beta-emitting radionuclide may be 
preferable. Beta-emitters (P ) have path lengths of several cell diameters allowing 
cross-fire or 'by-stander' killing, in which the killing of antigen negative cells and 
inaccessible necrotic regions of tumours is also possible. For highly cellular 
tumours with little connective tissue such as lymphomas and hepatocellular 
carcinomas, by-stander killing should have a greater effect. As the tumour mass 
decreases the benefit of cross-fire also decreases, resulting in a larger fraction of 
energy escaping the tumour and increasing toxicity to normal cells. Therefore, a 
medium energy p-emitter or shorter range alpha (a) emitter may be more 
preferable for the treatment of smaller tumours (Humm, 1986).

The choice of radionuclides for RIT is also dependent on matching 
antibody or antibody fragment pharmacokinetics to the physical properties of the 
radionuclide such as half-life and emission range. The half-life should be 
sufficiently long enough to allow uptake of antibody to the tumour to achieve a 
high radiation dose. Conversely, long lived radionuclides are less favourable as 
a lower absorbed dose rate is achieved compared with shorter lived isotopes 
(Mausner and Srivastava, 1993). Other chemical, physical and biological factors 
summarised in Table 1.2 should also be considered when selecting radionuclides 
for RIT.

Relatively few radionuclides emitting a  particles have been considered for 
RIT. The most commonly studied to date are At, 212 Bi and 212 pb 
(Wawrzynczak & Thorpe, 1991). These radionuclides have very powerful 
cytotoxic action as they release high energy emissions over relatively short 
distances (40-80 pm), in a path length of only one or two cell diameters. The role 
of a-emitters may be feasible for regional or intratumoural administration or for 
treatment of micrometastasis.

p-emitters are more commonly used for RIT as there is a much wider 
choice of candidates with varying emission energies and particle ranges. 131l has 
medium range P -emission (0.2-1.0 mm) and is convenient due to the 
straightforward methods of coupling to antibodies also the y  emission allows 
gamma camera imaging. The large y component of l^^I decay however is a 
disadvantage due to it's highly penetrating nature it contributes to the overall 
absorbed dose to normal tissues which is dose limiting, and also leads to 
problems associated with handling of high doses of radioactivity.
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Table 1.2: Factors affecting the choice of radionuclide for RIT 

Physical
• Availability and cost of pure isotope
• Size and range of intensity of radiation
• Half-life of isotope
• Absence of contaminating metal ions

Chemical
• Availability of conjugation methods
• Ease of labelling techniques
• Specific activity achievable
• Number of attachment sites per antibody

Biological
• Stability of conjugate in vivo
• Biodistribution of isotope and conjugate
• Immunological activity of conjugate

Recently there have been large improvements in the methodology of metal 
isotope conjugation to antibodies. Previously derivatives of the chelating ligand 
DTP A have been used which proved to be relatively labile in vivo, resulting in 
high bone uptake contributing largely to bone marrow toxicity. Since 
macrocyclic chelators with much greater stability have become readily available 
(Moi et al., 1990; Cox et a l, 1989), a growing number of metallic medium range (3- 
emitters such as ^^Cu, ^^Re, l^^Sm, fO^Rh, and l^^Lu with lower y emission are 
being considered for RIT (Yorke et al., 1991).

Longer range (3-emitters (1-10 mm) such as l^^Re and ^^P may be 
more suitable for larger more necrotic tumours, as the highly penetrating effect 
of these radionuclides allows killing cells from a distance of several cell 
diameters and therefore killing of adjacent cells which may be antigen negative 
(Reilly, 1991).

Auger low energy electron emitters such as ^^1, l^^I and ^^Br are 
extremely toxic following their incorporation into DNA (Kassis et a l,  1987). The 
use of these isotopes is limited because the emission range rarely exceeds one cell 
diameter and therefore requires targeting to the nucleus of tumour cells to 
achieve a therapeutic effect. Therefore RIT using low energy radionuclides is 
limited to the use of antibodies which once bound to their cell surface antigen are 
internalised.
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There are a number of suitable a-, p- and auger emitting radionuclides for 
RIT summarised in Table 1.3

Table 1.3: Radionuclides for RIT

Radioisotope Decay mode Half-life
Emission Energy 

Max (keV)

Bismuth-212 (212Bi) a 1 hour 6090

Astatine-211 (2H A s) a 7.2 hours 7450

Iodine-131 (^^ Î) p/yi 8 days 606

Yttrium-90 (90y) P 2.7 days 2288

Rhenium-186 (l^^Re) P/y2 3.7 days 1100

Copper-67 { '̂^Cu) P / f 2.6 days 577

Phosphorus-32 (32p) P 14.3 days 1072

Iodine-125 (1251) Auger / y 60 days 30

Bromine-77 (^^Br) Auger / y 2.4 days 340

^Energy and abundance of y-radiation i 364 keV (82%),  ̂137 keV (7%), 
3184 keV (7%).

1.4.2 Clinical studies
One of the first RIT clinical trials involved treatment of over 100 patients 

with hepatoma using l^^I-anti-ferritin antibodies. Results showed responses in 
48% of patients including 7% complete remissions, however this therapy was 
combined with other forms of conventional chemotherapy and/or radiotherapy 
(Order et ah, 1985). Another early study involving multiple injections of 34-197 
mCi l^ll-labelled Fab' fragments specific for p97 antigen expressed in human 
melanoma, demonstrated that large doses of up to 500 mCi could be given safely 
to humans using repetitive iv injection (Larson et a l, 1983).

RIT clinical trials have produced impressive responses in lymphomas. 
Some of the most encouraging work has been achieved by Press et al., (1993) 
using anti-CD20 and anti-CD37 antibodies labelled with high doses of l^^I. 
Biodistribution studies were performed in 43 patients using 5-10 mCi of 
radiolabelled antibody and the patients with good tumour localisation assessed 
by serial gamma camera imaging were selected to receive therapeutic doses. 19 
patients were treated with high doses of 1 (234-777 mCi), followed by 
autologous bone marrow rescue and all patients responded to the treatment (16
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complete, 2 partial and 1 minor). It has been suggested that this high response 
rate may be a combination of immunostimulatory effects combined with the high 
doses of radiation (Kaminski et al., 1993). Similar impressive responses have 
been noted using myeloablative doses of 1-3 cycles of 20-50 mCi ^OY-anti-ferritin 
followed by autologous bone marrow infusion to patients with relapsed 
Hodgkin's disease (Vriesendorp et ah, 1991). Objective responses were achieved 
in 11/17 patients including 7 complete lasting >4 months. Lower doses of 
radiolabelled Mab's not requiring haemopoietic stem cell rescue have also 
produced encouraging responses in patients with B-cell malignancies. 10 
patients were treated with repeated doses every 2-6 weeks of 20-60 mCi 131 p 
labelled Lym-1 antibodies, until a cycle of 300 mCi was completed or a HAMA 
response occurred. One complete response lasting >5 months and 3 partial 
remissions of 2-15 months were observed (DeNardo et al., 1988).

For the major solid tumour types (lung, breast, colorectal and ovarian) 
there are a few reports demonstrating tumour responses in patients administered 
with radiolabelled conjugates . A phase I trial of intraperitoneally administered 
131j-labelled Mab's was conducted in 12 patients with advanced ovarian cancer 
resistant to chemotherapy and/or abdominal radiotherapy (Kalofonos & 
Epenetos, 1986). Toxicity was noted at 100 mCi in patients with malignant 
ascites and 150 mCi in patients without ascites. Responses lasting 3-24 months 
were observed in 6 patients, 2 of these patients remained in complete remission 
for >2 years post therapy, the remainder of patients benefited symtomatically but 
died of their disease shortly afterwards. In a study carried out by DeNardo et al.,
(1994), using the complement fixing antibody L6 radiolabelled with 1311 
produced partial responses in 4 /12  breast carcinoma patients. In a phase I trial 
with chimeric 131i_B72.3 (dose: 18-36 mCi/m^) in 12 patients with metastatic 
colon cancer, stable disease was recorded in 4 /12  patients (Meredith et al., 1992). 
RIT in 19 patients with metastatic colorectal tumours using an anti-CEA antibody 
or F(ab')2 fragment radiolabelled with 1311 showed 1 partial response in the size 
of lung metastasis and one complete resolution of liver metastasis which regrew 
to >50% of it's original size after 8 weeks (Lane et al., 1994). A larger study 
involving 46 patients mostly with colorectal cancer (37/46) was performed using 
136Re-NR-LU-10 whole antibody or F(ab')2 (Breitz et al., 1992). For whole 
antibody the MTD was 90 m C i/m^ and for F(ab')2 125 mCi/m^. Only one 
patient received a partial response and in 11 others transient disease stabilisation 
was seen. More encouraging results have been shown recently by Schrier et al.,
(1995), in a phase I study in patients with stage iv breast cancer. Nine patients 
were treated with ^OV-labelled BrE-3 (15-20 mCi/m^) and 4 patients required 
autologous stem cell support. Partial responses were observed in 50% of 
patients.
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1.3 Factors influencing an tibody targeting

The successful implementation of radiolabelled antibodies for the 
treatment of cancer has proved to be considerably more difficult than was 
originally anticipated. Some of the major problems are described below.

1.3.1 Immunogenicity
The success of many clinical trials using murine Mab's has been limited by 

the formation of human anti-mouse antibodies (HAMA) raised by patients 
against injected antibodies. These circulating anti-antibodies may neutralise 
further doses of antibody by forming complexes which are rapidly cleared, thus 
limiting tumour localisation of therapeutic antibody. The formation of HAMA 
after one or repeated exposure to murine antibodies can also lead to 
hypersensitivity reactions and in some cases anaphylactic shock, the severity is 
usually dependent on the dose of administered antibody (Sivolapenko et al.,
1990). Most often clinical trials involving larger therapy doses requiring repeated 
antibody administration report high incidences of HAMA formation (Reviewed 
by Kuus-Reichel et al., 1994). The extent of HAMA formation may vary 
depending on the type of tumour under treatment. Patients with lymphoma 
have an impaired immune system which may explain why they develop HAMA 
less frequently than do most other patients. This proved to be advantageous in a 
study carried out by DeNardo et al., (1988), as this allowed the dose of l^^I-LYM- 
1 antibodies to be fractionated at intervals of 2 -6  weeks and only 2 / 1 0  patients 
developed HAMA.

However, some patients may have pre-existing anti-mouse antibodies 
which prevent any form of treatment with Mab's, this response is known to be 
associated with polyclonal rheumatoid factors (Courtenay-Luck et ah, 1987). 
Usually, the anti-mouse Ig response is against the Fc portion of the constant 
regions, although anti-idiotypic responses against the antibody variable regions 
have also been reported (Konrad, 1993). Recently several groups have suggested 
that the immune response generated by injection of Mab's may evoke a cascade 
of anti-idiotypic antibodies that produce beneficial effects to the patient (Kuus- 
Reichel et ah, 1994). The immune responses of 43 colorectal cancer patients given 
at least 4 repeated doses of 17-lA antibody was characterised (Frodin et ah, 1994). 
In the absence of allergic reactions (2%), the results revealed that the 20 patients 
who generated an Abg anti-idiotype response had a significantly longer survival 
time (median 80 weeks) compared to Abg" patients (38 weeks).
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1.3.2 Low tumour uptake

One major obstacle to antibody therapy in patients is the low absolute 
dose to the tumour following systemic administration (0 .0 0 1 - 0 .1 % of injected 
activity per gram). Whereas a much greater tumour uptake is routinely 
achievable in human xenograft models in nude mice (>10%). It has been 
postulated that the reason why antibodies localise differently in humans than in 
mouse models is because there is a larger volume of distribution in man 
compared with mice, resulting in a greater dilution effect and consequently 
lower uptake levels in human tumours. Antibodies are also catabolised in 
humans at a faster rate which also limits the overall dose to the tumour (Begent 
& Pedley, 1990). Non-specific entrapment of Mab's by the reticuloendothelial 
system (RES), poor penetration from systemic compartments in the interstitial 
space and heterogeneous antigen expression may also be contributing factors 
(Kemshed & Hopkins, 1993). Thus, if radiolabelled antibody localises to the 
tumour to only a modest degree the majority of the administered dose is free and 
accessible to normal organs. The consequence of this is an increase in the 
background levels of radioactivity resulting in higher toxicity making it more 
difficult to distinguish between tumour and normal tissues. RIT quickly becomes 
dose limiting due to the high levels of radioantibody in the circulation, especially 
to radiosensitive tissues such as the bone marrow. This does not appear to be the 
case in experimental animals, the absence of myelotoxicity using equivalent 
dosage may be due to a decrease in penetration of Mab's into mouse bone 
marrow and an increase in sensitivity of human bone marrow to radiation 
(Begent & Pedley, 1990).

Recently, it has been suggested that the relatively short half life of murine 
antibodies in man (19-42 h) compared to human IgG (21 days) may be in part due 
the presence of naturally occurring anti-galactose antibodies in serum. ELISA 
tests revealed that all murine Mab's tested contained Galal-3Gal residues 
whereas human Mab's did not. These anti-Galal-3Gal antibodies may complex 
with Galal-3Gal residues of the administered murine Mab's resulting in rapid 
clearance and a short residence time (Borrenbaeck et al., 1993).

Physical factors such as stability of conjugate, formation of immune 
complexes and low antibody affinity may also contribute to the poor tumour 
uptake levels of Mab's achieved clinically.

1.3.3 Physiological factors and tumour architecture
Once an antibody is injected into a patient for detection or therapy it 

encounters some natural barriers which may limit delivery to cancer cells. These 
include non-specific binding to proteins or other tissue components, degradation 
or metabolism and/or elimination by the body's own immune system. Antibody



29
that enters the tumour vasculature reaches cancer cells via : i) distribution 
through the vascular space, ii) transport across the microvascular wall, and iii) 
transport through the interstitial space, encountering more barriers at each stage 
(Jain, 1987). It was proposed by Jain & Baxter, (1988) that high interstitial 
pressure causes the formation of a pressure gradient from the centre of a tumour 
(30 mm Hg) to the periphery (5-15 mm Hg), which may occur due to the absence 
of functioning lymphatics in tumours. This increase in pressure severely 
compromises movement of Mab's to the centre of the tumour. The increase in 
interstitial pressure also correlates with a reduction in tumour blood flow and the 
development of hypoxia and necrosis in a growing tumour (Jain, 1989).
Restricted blood flow further limits antibody accessibility to distant cancer cells 
and the lack of oxygen renders some cells radioresistant and chemoresistant 
(Sagar et ah, 1993). The heterogeneity of antibody distribution in tumours is 
therefore a consequence of the physical nature of tumours, and as tumours grow 
in size areas become inaccessible due to elevated pressure and poor 
vascularisation. The chaotic nature of blood vessels and blood flow, the varied 
composition of the tumour interstitium and disturbed convection and diffusion 
within the interstitial space of tumours all create potential physical barriers to the 
delivery of therapeutic agents to neoplastic cells in vivo (Curti, 1993).

The non-uniformity of biodistribution of Mab's in tumours on a 
microscopic level is in part thought to be due to the 'binding site barrier' first 
proposed in 1987 by Weinstein et al. This barrier is formed when antibodies 
successfully bind to antigen at the rim of the tumour thus preventing free 
antibody penetrating further into the tumour. Mathematical models and some 
experimental studies in guinea pigs have supported this hypothesis which is 
enhanced by higher affinity and internalising antibodies, but may be overcome 
using higher doses of antibody (Juweid et al., 1992; Weinstein & Osdol, 1992).

1.3.3.1 Heterogeneous antigen expression
The location and density of tumour antigen are important factors 

influencing the success of antibody targeting. Many immunohistochemical and 
autoradiography studies have reported heterogeneity of antigen expression in 
experimental animal models and in biopsies from human tumours (Boxer et a l, 
1992; Pedley et al., 1990). The effective delivery of cytotoxic agents by anti
tumour antibodies requires that the conjugates penetrate uniformly throughout 
the tumour. However poor, non-uniform antigen expression on tumour cells 
restricts distribution of conjugates throughout the tumour and many areas can 
remain untreated leading to a decrease in therapeutic effect.
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1.3.3.2 Circulating antigen

Another factor which can reduce localisation of antibodies to their targets 
is the neutralisation of Mab's by antigen which has been shed into the blood 
stream. Complexation with shed antigen can affect the availability of free 
antibody to the tumour and the kinetics of antibody clearance from the 
circulation. Experiments in tumour bearing mice in the presence of high levels of 
serum CEA have demonstrated clearance of antibody-antigen complexes 
resulting in higher liver uptake levels and lower tumour accumulation (Hagan et 
al., 1985; Pedley et a l, 1989; Philben et a l, 1986). However, in contrast to animal 
models the serum complexes in patients have been known to survive in the 
circulation for longer without compromising tumour targeting (Pimm, 1995; 
Mach et a l, 1981; Primus et al., 1980). This effect could be due to the dose of 
administered antibody exceeding the blocking effect of free antigen, coupled 
with the finding that immune complexes retain the ability to bind to CEA 
(Hnatowich et al., 1985).

1.3.3.3 Tumour size
Delivery of radiolabelled antibodies is reduced as tumour size increases 

because of necrosis and poor blood flow. Studies in rodent tumour models have 
shown that there can be decreased antigen expression in larger tumours and 
there is an inverse relationship between tumour weight and uptake per gram of 
antibody (Pedley et al., 1987). Using an animal model of hepatoma, Klein et ah, 
(1986) discovered that the highest levels of ferritin antigen occurred in tumours 
less than 1 g and tumours of >10 g had up to 50% less antigen expression per mg 
of extracted protein. Consequently, targeting decreased with increasing tumour 
size and almost no targeting was achieved in tumours with a mass of > 8  g. 
Tumour size may seriously affect the efficacy of RIT. In a clinical study 
involving patients with ovarian cancer treated with l^^I-labelled Mab's, no 
response was seen in 8  patients with large volume disease however, partial 
remission was observed in 2 /15  patients with small volume disease and 
complete remission in 3 /6  patients with microscopic disease (Stewart et ah, 1989). 
The success of RIT may therefore be limited in the treatment of large bulky 
tumours that have large antigen negative or necrotic areas.

1.4 Strategies to  enhance an tibody targeting
The problems highlighted by pre-clinical and clinical data have led to 

many attempts to improve antibody targeting. Optimisation of RIT will require:
1. Increased tumour to blood or normal tissue (therapeutic) ratio
2. Reduced immunogenicity, and
3. Higher tumour loading of radiolabelled antibody.
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Although the emphasis here is based on improving RIT the majority of 

these factors will also apply to improvements associated with use of 
radiolabelled antibodies for RAID. Most emphasis in RAID should be placed on 
increasing the tumour to blood ratio to achieve better images. However, reduced 
immunogenicity is important if further scans are required or if RAID is used to 
select patients that will proceed to have higher doses of RIT. Higher tumour 
loading of radiolabelled antibody is also preferable to achieve good images.

1.4.1 Approaches to  enhance therapeutic ratio

1.4.1.1 Antibody fragments
Mab's are frequently digested to F(ab')2  and Fab' fragments (illustrated in 

Figure 1.1) to increase their usefulness in RAID and RIT. Advantages of antibody 
fragments include faster clearance from the circulatory system giving lower 
background levels than the corresponding IgG, and fragments are not captured 
by Fc receptors in the RES resulting in more rapid clearance from normal tissues 
(Goldenberg et a l, 1990). However, it must be noted that antibody fragments no 
longer have natural effector functions that mediate cellular cytotoxicity (via the 
Fc portion), therefore cytotoxic agents must be attached to acquire suitable 
effector function.

Fragments have shown improved tumour imaging characteristics 
compared to intact antibody due to the more rapid catabolism or excretion of 
fragments and faster rate of extravasation, resulting in a reduction of circulating 
blood levels and increased tumour: normal tissue ratios (Buchegger et a l, 1990; 
Fjeld et a l, 1991; Andrew et al., 1988). Images obtained in a human colon 
carcinoma xenograft model in hamsters with 1311- F(ab')2 at 2  days after injection 
showed clear definition of the tumour which was comparable to the 6  day image 
for 131i-igG (Wahl et al., 1983). In a recent diagnostic study of 25 patients with 
CEA-expressing tumours, 99mTc-IgG was compared with ^^^Tc-F(ab')2 and 
99mXc-Fab' fragments. The sensitivity of fragments was superior in detecting 
primary tumours, local recurrences and lymph node metastasis. Positive images 
were detectable in 17% of patients given fragments 1 h post injection and 94% at 
4 h, whereas only 52% of positive lesions were identified 4h post injection of the 
IgG (Behr, et a l, 1995a). In contrast to the pharmacokinetic data generated from 
nude mouse xenograft models and imaging studies in patients, two RIT clinical 
trials have reported that the biodistribution and pharmacokinetics of 131i_F(ab')2 
was very similar to the 131i-igG (Lane et a l, 1994; Murray et a l, 1994a).

The increased in vivo metabolism and more rapid clearance of antibody 
fragments is compromised by lower cumulative tumour uptake levels than 
whole IgG. However, when equitoxic doses of IgG and F(ab')2  radiolabelled
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with 1 were administered for RIT in mouse xenografts a slightly longer 
suppression of tumour growth was found with F(ab')2 compared to the IgG 
(Stein et al., 1994).

Antibody fragments have the added advantage due to their smaller size, 
of being able to penetrate tumour masses more rapidly than whole IgG . This has 
been demonstrated in multicellular tumour spheroids (Sutherland et al., 1987) 
and in nude mouse xenograft models (Andrew et al., 1986). There is also 
supporting evidence to suggest that higher tumour penetration of F(ab')2 

compared to the IgG form of the same antibody occurred soon after 
administration to patients. The mean value of 8.2% injected activity per kg for 
F(ab')2  in 9 patients compared to 4.4% for IgG in 10  patients was achieved at 
4.25h (median imaging time) post injection (Lane et al., 1994).

Single chain antibodies (scFv) consist of only the variable heavy and light 
antibody domains (illustrated in Figure 1), incorporating the complete antibody 
binding site in a single polypeptide chain usually held together by a flexible 15 
amino acid (gly4Ser)3  linker (Huston et al., 1988). Penetration studies have 
demonstrated that scFv's permeate tumours more rapidly and distribute more 
evenly than larger fragments and whole IgG (Yokota et al., 1992).

ScFv's may serve as ideal imaging agents (Bird et al., 1988), due to their 
small size. It has been shown in animal models that they rapidly clear from the 
circulation, penetrate tumour masses effectively and produce clear images very 
quickly (Colcher et a l, 1990; Milenic et a l, 1991). ScFv's can be expressed in 
bacteria which has become a well established simple, rapid and cost effective 
method for routine production of scFv's (Skerra, 1993).

The generation of cDNA scFv or Fab' libraries has been a major step 
forward in the ability to select potentially clinically useful antibodies (Hawkins et 
al., 1992a). Antibody V genes are cloned into the bacteriophage genome and 
displayed on its surface. When the phage is transfected into a bacterial cell, the 
cell produces progeny phage particles that contain the antibody gene and 
displays the corresponding antibody on its surface. Since the displayed antibody 
retains its antigen binding capability it is possible to isolate specific antibodies by 
affinity selection (McCaffety et al., 1990). By combining heavy and light chains 
new combinations of V h  and V l  could result, giving rise to the possibility of 
many new antibodies with improved or previously unknown specificities. This 
technology creates huge diversity, as combinatorial libraries consisting of 1 0 ^ -1 0  3 
random combinations of V h  and V l  can be produced (Winter et a l, 1994). ScFv's 
have been selected from combinatorial libraries using powerful selection 
techniques (Hawkins et al., 1992b).

Human antibody scFv libraries have also been synthesised from non
immunised human peripheral blood lymphocytes or spleen cells (Winter &
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Milstein, 1991; Griffiths et al., 1993) and chain shuffling' techniques designed to 
further improve binding characteristics (Nissim et a l, 1995). Modifications of 
scFv's have been made to improve their utility; bivalent (Adams et a l, 1993) 
trivalent (King et a l, 1994) and bispecific (Mack et al, 1995) forms may be more 
useful therapeutically. The ease of manipulation of antibody genes in 
bacteriophage has led to the fusion of scFv's with molecules having effector 
functions. ScFv fusion proteins consisting of immunotoxins (Buchner et a l, 1992), 
vasoactive agents such as cytokines (Savage et a l, 1993) or enzymes for ADEPT 
(Michael et al., 1995) have been synthesised.

IgG and antibody fragments

ISOkD lOOkD 50kD 27kD

Figure 1.1: Schematic representation of Immunoglobulin G (IgG) and antibody 
fragments. IgG consists of 2 fragment antibody binding regions (Fab) and a fragment 
crystallisable (Fc) portion joined together by a hinge region with inherent flexibility. IgG 
can be enzymatically digested using pepsin to form F(ab')2 which removes the Fc portion 
from the antibody binding regions (di-valent) and leaves the hinge region intact. 
Subsequent reduction liberates monovalent Fab' fragments also retaining the hinge region 
(denoted by ' ). Digestion with papain liberates Fab fragments in the absence of the hinge 
region. The smallest fragment that retains the full antigen binding ability of the 
monovalent antibody consists of the Vh B and Vl 8 ,  portions and is referred to as Fv. 
The VH and Vl of Fv's are usually joined using a short peptide linker to form single 
antibody unit refered to as single chain Fv (scFv) antibody fragments. The molecular 
weights of each antibody form are shown in kilodaltons (kD).

1.4.1.2 Pretargeting
Pretargeting is another strategy that has been used in attempt to reduce 

overall toxicity to normal tissues. This involves administration of a long- 
circulating targeting macromolecule before administering a small rapidly 
excreted effector molecule (Goodwin, 1991). The majority of pretargeting 
strategies have involved the use of avidin or streptavidin and biotin, due to their
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very high affinity for each other (kD=10"^  ̂M), and the ease with which they may 
be coupled to antibodies (Khawli et ah, 1993; Hnatowich et ah, 1987; Goodwin, 
1995). Antibodies have been conjugated with biotin and administered 
unlabelled, then at a later time when the antibody has localised in the tumour 
and cleared from the normal tissue, radiolabel attached to DTPA-coupled avidin 
or streptavidin is infused and should attach to antibody-biotin localised at the 
tumour site. An alternative procedure involves the conjugation of antibodies 
with avidin administered before radiolabelled biotin. Removal of Mab's from the 
circulation with a clearing molecule before administration of effector molecule 
has shown great improvements in the target: blood ratio. Paganelli et ah, (1991) 
described a 3 step procedure involving pretargeting biotinylated antibodies, use 
of cold avidin to clear excess antibody from the circulation and lastly the 
administration of m  In-biotin. The images showed positive visualisation of the 
tumour as early as 2 0  min after injection of the radiolabel, with corresponding 
low uptake levels recorded in the liver. The high tumour: blood ratios were a 
significant improvement over conventional imaging with the corresponding 
directly labelled min-F(ab')2 .

Another approach aimed at increasing the tumour: normal ratio involves 
pre-dosing with unlabelled antibody. In a study by Buchsbaum et ah, (1992) 
using a B-cell lymphoma xenograft model, predosing with 100 mg unlabelled 
antibody 2 h before iv administration of radiolabelled antibody produced a 44% 
greater dose to the tumour measured at 4 days after injection. It was postulated 
that by exposing radiolabelled Mab to a suspension of fresh liver and spleen cells 
with the intent of removing 'cross-reacting' antibodies prior to in vivo 
administration, lower non-specific uptake could be achieved (Van Den Abbeele et 
al., 1990). In this study, although the uptake of the 3 pre-treated antibodies by 
normal tissues was generally lower, tumour targeting was not significantly 
different than with the unexposed antibody.

1.4.1.3 Clearing mechanisms
The slow clearance of antibody from the blood prevents early imaging and 

is detrimental to radiosensitive tissues such as the bone marrow. To enhance 
tumour: normal tissue ratios various clearing protocols have been used to reduce 
the amount of circulating antibody in the blood stream. One approach involves 
removal of radioantibody after the desired time by administration of a second 
clearing antibody which complexes with the first antibody giving an immune 
complex which is rapidly cleared through the liver and spleen by the RES 
(Begent et ah, 1987). A problem with the use of second antibody is that clearance 
of immune complexes through several organs particularly liver and spleen may 
be dose limiting. The use of avidin-biotin systems similar to pretargeting
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systems have also been used (Marshall et al., 1994). Galactosylation of the 
clearing agent streptavidin has also diverted clearance away from the RES, 
reducing clearance by the spleen and splenic radiotoxicity (Marshall et al., 1995). 
Galactosylated second antibody has recently been successfully used to clear an 
antibody-enzyme conjugate in a clinical ADEPT trial (Bagshawe et al., 1995). 
EDTA administered to decrease bone levels of labelled Mab also facilitated 
excretion of radiolabelled antibody without compromising tumour uptake 
(Rowlinson-Bursa et a l, 1994).

1.4.1.4 Extracorporeal immunoadsorption
Extracorporeal immunoadsorption (ECIA) is a procedure used for the 

selective removal of circulating radiolabelled Mab's from plasma to increase the 
uptake in tumour versus normal tissues (Strand et al., 1989). The procedure 
involves separation of patient's blood into it's cellular and plasma elements 
(plasmapheresis) and removing the radioantibody from the plasma by extraction 
using affinity resins (DeNardo et a l, 1993). Usually a biotinylated radiolabelled 
antibody is removed using an avidin-agarose column, the advantage of this 
system being that it can be applied to any antibody system or combination of 
antibodies. Studies in athymic rats transplanted with human carcinomas showed 
tumour: normal tissue ratios were increased by a factor of 4-5 using this system  
(Strand et al., 1994). ECIA has also been applied in a limited number of patients 
to reduce background activity in RAID (Lear et al., 1991), or to minimise the 
radiation effect on bone marrow in RIT (DeNardo et ah, 1991).

1.4.2 A pproaches to  overcome im m unogenicity

1.4.2.1 Species or idiotype switching
One approach investigated in an attempt to avert HAMA is a sequential 

multi-antibody treatment regime, such that each time a patient elicits an immune 
response the treatment switches to a different antibody. Order et ah, (1985) used 
a succession of polyclonal antibodies raised in different animal species to avoid 
anti-antibody reactions and allow repeated treatments. A slightly different 
approach was carried out by Jonker & Den-Brock, (1987) who demonstrated 
idiotype switching of anti-T cell antibodies to evade the anti-idiotype response 
and prolong the therapeutic effect in rhesus monkeys. The high costs associated 
with developing different Mab's for therapeutic use is a major disadvantage with 
this approach.
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1.4.2.2 Antibody fragments

Another approach to reducing immunogenicity is the use of antibody 
fragments which lack the Fc receptor. Characterisation of patients immune 
response to therapeutic doses of Mab have revealed almost all anti-mouse 
antibody is directed against the Fc portion (Courtenay-Luck et a l, 1986; Lind et 
al., 1991). However, HAMA responses with subsequent therapeutic doses have 
been found to be directed against the variable and constant regions of heavy or 
light chains including the epitopes at or near the antigen binding sites (anti
idiotype), (Courtenay-Luck et al., 1986). HAMA titres were quantified in patients 
receiving single or multiple injections of intact, F(ab')2 and Fab' murine 
antibodies. Treatment with F(ab')2 revealed a slightly lower titre than that 
obtained with administered IgG and no HAMA was observed following 1-3 
injections of Fab' (Carrasquillo et a l, 1984).

1.4.2.3 Human antibodies
The ideal antibody for clinical use would be one of human origin that is 

non-immunogenic. However, there have been many problems associated with 
the generation of human monoclonal antibodies by conventional means. For 
ethical reasons it was impossible to immunise humans against most antigens, 
and there are limitations associated with generation of antibodies against 
previously tolerised self-antigens. Early attempts to fuse mouse myeloma cells 
and human B-cells also proved to be difficult due to problems associated with 
isolating stable human cell lines (O'Kennedy & Roben, 1991). Permanent cultures 
of human antibody producing B-lymphocytes have since been obtained by 
transformation with Eptein-Barr virus (EBV) (Steinitz et a l, 1977). However, once 
fused the generation time of antibody production proved to be limited and the 
possible presence of EBV in the final product is unacceptable for clinical use. 
Some of these problems were overcome when Olsson and Kaplan (1980) 
succeeded in producing stable human-human cell fusions by in vitro 

immunisation of lymphocytes from the spleens of Hodgkin's patients to a 
number of pre-determined antigens.

The majority of human Mab's produced have been mainly of the IgM 
isotype and have often displayed a low affinity for their antigens, because they 
were the result of primary immunisation. A clinical imaging study was 
performed to assess the biodistribution and tumour targeting of two IgM 
antibodies. Positive tumour scans were observed for 12/16 patients with 
metaststic colorectal cancer receiving 131i_28A32 and 9/12  patients receiving 

1-16.88 IgM antibodies with no evidence of an immune response (Steis et al., 
1990). However, the widespread clinical use of human IgM antibodies may also 
be limited by the long circulatory half-life of 40-60 h.
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More recently emphasis has been focused on production of higher affinity 

human antibodies by stimulation of secondary immune responses in SCID mice 
repopulated with human peripheral blood lymphocytes. Borrebaeck et ah, (1990) 
immunised these mice with tetanus toxoid from a human seropositive donor and 
produced high serum levels of specific anti-tetanus toxoid IgG antibodies.

Recent technology involving human cDNA antibody libraries 
encompassing chain-shuffling techniques to improve affinity (Winter et ah, 1994), 
and transgenic mice that may be immunised with human proteins to generate 
isolated hybridomas secreting human IgCK antibodies (Lonberg et ah, 1994), may 
in the future produce clinically useful human antibodies.

1.4.2.4 Recombinant antibodies
The problems associated with production of human hybridomas coupled 

with the relative ease of manipulation of antibody genes led to a different 
approach in attempt to reduce the immunogenicity of monoclonal antibodies. 
Recombinant DNA technology has been used to produce: i) chimeric antibodies, 
in which the variable region is derived from a murine hybridoma and constant 
regions are of human origin (Morrison, 1985), and ii) humanised antibodies 
consisting of murine CDR's grafted onto a human antibody framework 
(Verhoeyen et ah, 1988). A diagrammatic representation of chimeric and 
humanised antibodies is illustrated in Figure 1.2.

M ouse/hum an chimeric and humanised antibody fragments produced by 
molecular engineering are in various stages of preclinical or clinical evaluation 
(De Jager et ah, 1993; Buchegger et ah, 1995). The chimeric antibody to 17-lA, 
was administered to patients to examine immunogenicity and kinetics (LoBuglio 
et ah, 1989). The immunogenicity was dramatically reduced and only 1/10  
patients infused with the chimeric antibody developed any HAMA response. 
Conversely, phase I studies with chimeric B72.3 have not shown any significant 
difference in generation of HAMA to the murine antibody (Khazeli et ah, 1991; 
Meredith et al., 1993). The response was elicited against the variable regions of 
the antibody (Khazeli et a l ., 1992). Humanised CAMPATH-IH in a small study 
demonstrated encouraging anti-tumour effects in humans and no HAMA (Hale 
et ah, 1988). However, the full benefit of humanisation in this study and others 
involving CAMPATH-IH have been masked by the fact that the antibodies are 
immunosuppressive and some patients were immunocompromised (Issacs et 
ah,1992). A  preliminary clinical study of a humanised antibody conjugated to 
DOTA for labelling demonstrated an anti-DOTA response in the absence of 
HAMA (Kosmos et ah, 1992).

It was proposed by Konrad, (1993) that it may be possible to predict 
immunogenicity, and by obeying certain rules immune responses may be
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avoided. He suggested that large differences in protein sequences to the native 
hum an protein, changes in carbohydrate content and noncovalent alterations in 
structure m ay result in increased immunogenicity. Research is presently focused 
on the design of tem plates for hum anising that have low im m unogenicity and 
preserve the structural integrity of the CDR's resulting in m inim al loss of b inding 
affinity (Studnicka et al,  1994; Couto et al,  1995).

Murine and recombinant antibodies

Light Chain 
Heavy Chain-

CH2 CH3

Murine antibody

I I Murine constant regions 
^  Human constant (variable) regions

murine
CDR’s

Chimeric antibody

m m m m

Humanised antibody

Figure 1.2 : A schematic representation of murine Immunoglobulin G and recombinant
chimeric and humanised forms. V h and Vl represent variable heavy and light regions, 
containing three complementary determining regions (CDR's) responsible for binding to
antigen. Constant light chain (Cp) has two types of gene loci kappa ( k) or lambda (X) 
and the constant heavy chain consists of CHI, CH2 and CH3 domains of which CH2 and 
CH3 form the Fc portion and are attached to CHI via the hinge region. There are also 
non-covalent bonds linking Ig domains (V l to Vh, C l to CHI, CH3 to CH3). Chimeric 
antibody consists of murine Vh and V l and human CHI, CH2, CH3 and Cp. Humanised 
antibody consists of murine CDR's grafted onto human variable and constant framework 
domains.
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1.4.2.5 Pegylation

Derivatives of poly(ethylene) glycol (PEG) have been chemically 
conjugated to proteins to modify stability, solubility, circulating half-life, 
immunogenicity and antigenicity (Nucci et a l, 1991). It has been postulated that 
all these effects are due to the formation of a shell of PEG molecules around the 
protein which sterically hinders the reaction with the immune system and 
protection against proteolytic inactivation. PEGylation of a mouse Mab has been 
shown to render it non immunogenic in rabbits (Kitamura et al., 1991). Studies 
have also been performed involving immunisation of mice with PEGylated 
antibodies to induce tolerance. In tolerised mice, there was an 85% reduction of 
the immune response on challenge with non-PEGylated antibody (Wilkinson et 
al., 1987). PEG is therefore capable of shielding epitopes from the immune 
system and inducing specific tolerance to the PEGylated protein

1.4.2.6 Immunosuppressive agents
Immunosuppressants have been used in attempt to decrease or eliminate 

HAMA. Studies by Ledermann et a l, 1988 have shown that cyclosporin A is 
effective in decreasing, but not eliminating the HAMA response associated with 
injection of mouse Mab's. In some patients given the drug, up to 4 treatments of 
antibody could be administered. Other drugs such as deoxyspergualin (Pai et al., 
1990), leflunomide (Bartlett et al., 1993) and cyclophosphamide (Stoudemire et al.,
1990) have also been examined, but the severe side effects suffered on 
administration of these immunosuppressive drugs has limited their usefulness 
clinically.

1.4.2.7 Plasmapheresis
Plasma-exchange after the initial course of RIT has been investigated as a 

method of reducing HAMA. Results from a small study following 
plasmaphoresis, showed a reduction in HAMA titre ranging from 28-61% and 
demonstrated further treatment with antibody was well tolerated (Zimmer et al., 
1988). Plasmaphoresis however may not be completely effective in removal of 
IgE, which if still present on further treatment may lead to serious allergic 
reactions or anaphylaxis (R.H.J. Begent-personal communication). ECIA 
(described above) incorporates plasmaphoresis and therefore may also reduce 
the HAMA titre.
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1.4.3 Approaches to  increase an tibody localisation

1.4.3.1 Increasing antibody dose
Various studies have been designed to examine the effect of increasing the 

dose of radiolabelled antibody on tumour targeting. It was found by increasing 
the dose to the same patient from 1 mg to 5 mg of radiolabelled anti-p97 Fab', 
previously unidentified tumour deposits could be visualised (Larson et a l, 1984). 
In another study in patients with melanoma, varying amounts of antibody were 
infused. At the lower mass amounts the antibody did not penetrate completely 
to the tumour, but at higher amounts above 250 mg there was more uniform 
staining throughout the tumour mass (Larson et a l, 1984). However, 
administration of very high doses of antibody is extremely costly, and effective 
tumour imaging has been routinely been achieved with low doses (0.5 mg) of 
radiolabelled antibodies (Begent et a l, 1994).

1.4.3.2 Regional administration
Several different routes of administration are available for the delivery of 

Mab's to tumours including subcutaneous, intraperitoneal, intravenous, 
intratumour, intraarterial and intrathecal. The most widely used method is 
intravenous, but more recently local administration has been investigated as 
greater tumour localisation has been demonstrated for certain tumour types.
This type of therapy may be advantageous due to lower systemic toxicity and 
could also allow bigger doses to be administered. Intraperitoneal delivery of 
anti-PEM antibodies radiolabelled with l^^I to breast cancer patients has 
compared favourably with the toxicities encountered with systemic 
chemotherapy or whole abdominal radiotherapy (Epenetos et a l, 1987). A 
further study using ^Oy-HMFGl antibodies injected intraperitoneally in an 
adjuvant setting to 52 patients with ovarian cancer, led to a significant increase in 
survival of 21/52 patients compared to a historical control group of 72 patients 
who did not receive antibody treatment (Hird et al., 1993).

A more direct approach involving intratumoural administration of 
radiolabelled antibodies has been employed for the treatment of glioma's. 
Encouraging responses were reported in 11/17 of cases including 3 complete 
responses, in a study performed by Riva et a l, (1994) who administered 1- 4 
courses of ^^ Î- anti -glioma antibodies (15-57 mCi) intralesionally.

Direct intralymphatic administration to target lymph node metastasis in 
patients with T-cell lymphoma has been evaluated, which led to a marked 
reduction in radioactive exposure to normal tissues (Mulshine et al., 1991). 
Regional administration of radiolabelled antibodies via the lymphatics for 
imaging lymph nodes may be beneficial to other delivery routes in terms of faster
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localisation, limitation of systemic toxicity and avoidance of the dilution factor 
normally encountered with intravenous administration (Keenan et al., 1987).

1.4.3.3 Dose fractionation
The goal in RIT is to deliver a sufficiently large dose of radiolabelled Mab 

to the tumour in a short period of time. One approach which has been used in 
attempt to maximise this effect is dose fractionation. Dose fractionation has been 
reported to be less toxic to radiosensitive organs such as the bone marrow and 
proved to be more effective than single doses of RIT in mouse xenograft 
experiments. In a study by Schlom et ah, (1990a) in contrast to a single injection 
of 0.6 mCi l^ll-B72.3 IgG where 60% of the animals died due to toxicity, 3 
injections of 0.3 mCi (1 week apart) resulted in minimal toxicity (1/13 died) and 
tumour growth retardation.

However in contrast, another study demonstrated no therapeutic benefit 
of fractionating the dose. Pedley et a l, (1993) used a similar fractionated dosing 
regime (0.33 mCi ^^^I-P(ab')2  on days 1, 3 and 5) compared to a single injection of
1.0 mCi. Tumour growth inhibition lasted 21 days after the single injection but 
only 10 days after fractionation of the dose. Dosimetric calculations revealed that 
by fractionating the injections the peak dose rate was lowered by a third and 
subsequent injections of the same dose at days 3 and 5 was not sufficient to 
achieve the same cell kill rate as a single injection of antibody. This is in 
agreement with Fowler's proposal that if radiation dose rate is reduced its 
effectiveness is also reduced because tumour growth rate can exceed the rate of 
cell kill and allow more time for repair mechanisms, whilst the dose is still being 
delivered (Fowler et al., 1990). Therefore, to be effective dose fractionation must 
be carefully evaluated using dosimetric calculations to achieve maximum rate of 
delivery.

It has been proposed that functional changes occur to tumour vasculature 
following the first injection of radioantibody, that reduce accretion of subsequent 
doses (Blumenthal et a l, 1991). Also the use of dose fractionation clinically has 
been limited by the fact that patients inevitably develop HAMA.

1.4.3.4 Manipulation of tumour vasculature
Strategies to improve antibody localisation by manipulating tumour 

vasculature are being pursued. The success of this approach requires that the 
vasoactive agent exerts a detrimental effect only on the tumour compared to the 
normal vasculature.

Vasoactive drugs such as flavone acetic acid (FAA) and the more potent 
analogue dimethylxanthenone-4-acetic acid (XAA) have been used to enhance 
the therapeutic effect of RIT in mouse xenograft models (Pedley et ah, 1994a).
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These drugs given 24 or 48 h after radiolabelled antibody allow maximum levels 
to be attained in the tumour before the drug inhibits tumour blood flow thus 
causing entrapment of antibody in the tumour. The therapeutic effect may also 
be enhanced by stimulation of TNF and induction of necrosis.

Several studies have demonstrated increased tumour uptake of 
radiolabelled Mab's into human tumour xenografts using TNF which mediates 
haemorrhagic necrosis and increases vascular permeability, (Rowlinson-Bursa et 
al., 1995; Smyth et al., 1988). The effect of TNF may be increased by constructing 
antibody-TNF fusion proteins that directly target the tumour (Hoogenboom et ah,
1991). Other cytokines and lymphokines such as IL-2, that stimulates T- 
lymphocytes and NK cells, and IL-1 which causes proliferation of myeloid cells 
thereby reducing myelotoxicity (Pietersz & Krauer, 1994), have been 
administered in combination with antibodies, as immunoconjugates (Khawli et 
ah, 1994a), or fusion proteins (Savage et ah, 1993).

Hypoxic cells that are radioresistant are known to exist in tumours and 
some of the earliest efforts to overcome hypoxia involved the administration of 
hyperbaric oxygen in rats with sarcoma tumours (Jamieson & Van Den Brenk, 
1963). More recently, carbogen (95% oxygen /5% carbon dioxide) was 
demonstrated to be superior as the carbon dioxide component helps to maintain 
tumour blood flow by counteracting oxygen induced vasoconstriction (Brizel et 
ah, 1995). Another more practical approach is the use of radiosensitisers such as 
misonidazole which renders hypoxic cells radiosensitive (Borlinghaus et ah,
1987), and halogenated pyrimidines that once trapped in rapidly proliferating 
tumour cells weaken DNA chains and enhance the damaging effects of radiation 
(Pedley et ah, 1991). Radiosensitisers used in combination with radiolabelled 
antibodies or conjugated to antibodies have varied in their success rate in animal 
models. Some increases in radiosensitivity have been recorded in vivo with 
continuous infusion of bromodeoxyuridine (Buchsbaum et ah, 1994); whereas in 
other studies, for example injection of 5-iododeoxyuridine failed to demonstrate 
any advantage in combination with RIT (Pedley et ah, 1991). Photodynamic 
therapy relies on the accumulation of a photosensitiser with low systemic toxicity 
at the tumour site (Van-Hillegersberg et ah, 1994). Photosensitizers have been 
linked to antibodies to enhance their delivery to tumours, subsequent 
illumination with light of an appropriate wavelength creates a photochemical 
reaction that destroys cells at the tumour site (Klyashchitsky et ah, 1994).

1.4.3.5 Increasing tumour antigen expression
Enhancing the expression of heterogeneous solid tumour antigens such as 

CEA and TAG-72 with biological response modifiers such as interferon (IFN) has 
implications for improving antibody targeting (Borden, 1988). A number of
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experimental studies have shown that IFN increases antigen expression on 
tumour cells in vivo leading to increased localisation of radiolabelled antibody 
(Schlom et al., 1990b; Greiner et ah, 1993). However this approach ultimately 
leads to higher levels of circulating antigen which may result in immune complex 
formation that can interfere with biodistribution and clearance of radiolabelled 
antibody. Clinical studies with IFN and I-Mab's have shown increased 
tumour uptake, some anti-tumour effects but have also led to a corresponding 
increase in myelosuppresion (Murray et a l, 1994b; Rosenblum et a l, 1988).

1.4.3.6 Antibody cocktails
Use of combinations of Mab's directed against different TAA's or different 

epitopes of the same antigen may partially overcome the problem of 
heterogeneous antigen expression on tumour cells by increasing the amount of 
Mab at the tumour (Boxer et al., 1994). A cocktail of 4 anti-HMFG Mab's 
demonstrated superior anti-tumour effects to any one of these Mab's 
administered alone in a heterogeneous breast tumour model (Ceriani et al., 1987). 
However, the use of antibody cocktails in some instances has shown similar 
effects to those seen with single antibodies, or the antibodies have been known to 
interfere with each other for antigen binding or lead to higher myelotoxicity 
without dose equivalent tumour uptake (Bischof-Delaloye & Delaloye, 1995a).

1.4.3.7 Antibody affinity
The interaction of an antibody with its antigen is referred to as antibody 

affinity. This is a reversible kinetic reaction which comprises of association 'on- 
rate' and dissociation off-rate'. Whether antibody affinity is an important 
parameter when selecting antibodies for clinical use is a controversial issue. 
Theoretically Mab's with higher affinity should bind to tumours at a higher level 
and be retained for longer, thereby increasing their therapeutic efficacy.
However, if a large proportion of antigen is located at or near the blood vessels of 
the tumour efficient binding of antibody could form a 'binding site barrier' 
lowering the amount of free antibody available to percolate into the tumour 
(Weinstein et al., 1987). Hence, if uniform tumour binding is desired for therapy 
a lower affinity antibody may be more desirable (Langmuir et al., 1992).

A small number of experimental studies have evidence to support or 
oppose the use of high or low affinity antibodies for tumour targeting. In a study 
by Schlom et al., (1992) high and low affinity antibodies were compared in a 
xenograft model at 5 different dose levels, and a clear therapeutic advantage of 
the higher affinity antibodies was demonstrated at every dose level. The validity 
of this study was however limited since the antibodies used in this study were 
not raised against the same antigen epitope. Another study was designed to
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examine low and high affinity antibodies that recognise identical or overlapping 
epitopes of the 17-lA antigen. A detailed comparative study of radiolabelled 
antibodies was performed in ovarian cancer xenografts (Kievit et al., 1996). When 
mice were treated with equivalent radiation doses (corrected for 
immunoreactivity) better growth inhibition was seen for the higher affinity 
antibody. However, when radiation doses were adjusted to obtain similar 
amounts in the tumour the lower affinity antibody was more effective.

Although there is evidence to suggest low affinity antibodies may have 
advantages over high affinity antibodies, the general trend is towards improving 
affinity of antibodies.

Antibody 'on' and 'off rates may be important features in antibody design. 
Selection processes for phage libraries have been designed to isolate high affinity 
antibodies with slow off-rates in the hope that this will improve tumour 
retention in vivo (Hawkins et al., 1992). Molecular modelling, NMR spectroscopy 
and X-ray crystallography have enabled identification of surface residues (Rees et 
al., 1994; Riechmann et al., 1992), which in turn can be mutated to produce a 
possible better fit to antigen and increase affinity (Read et al., 1995).

The avidity of antibodies is also important as it may potentially influence 
the total antibody concentration in the tumour. Natural IgG's are bivalent and 
one or both Fab' arms can bind to antigen. The affinity of binding results from 
univalent binding but a much 'tighter' binding may occur if two arms bind and 
this is referred to as the avidity effect (Badger et al., 1987). Other factors may 
influence antibody avidity such as the density of target antigen in relation to 
flexibility or spacing of antibody arms (Chester & Hawkins, 1995).

1.4.3.8 Modification of antibodies
A  lot of recent work has focused on optimising the delivery of cytotoxic 

agents to tumours. This can be accomplished in part by the choice of highly 
tumour specific antibodies and use of radiolabels, drugs, toxins or enzymes that 
do not detach from the carrier antibody. Improved chelation methods for 
attaching radiometals to antibodies have been designed to limit loss of 
radionuclide from antibodies and hence bone accretion (Moi et al., 1990; Meares 
et al., 1990; Turner et al., 1994). Radioiodination conjugation techniques have also 
been designed to reduce in vivo dehalogenation (Wilbur et ah, 1989; Smellie et ah,
1995).

PEGylation of antibodies not only reduces immunogenicity (refer to 
section 1.8.2.5), studies have shown an increase in circulating half-life of 
antibodies and fragments (Kitamura et ah, 1991) due to an increase in size and the 
possible increase in resistance to proteolysis. Pedley et ah, (1994b) reported that 
PEGylated l^^I-F(ab')2 in a xenograft model showed increased tumour uptake



45
levels compared to the native ^^^I-F(ab')2  and a clearance pattern similar to the 
intact IgG. PEGylated l^^I-Fab' also remained in the tumour for much longer 
than native l^I-Fab\ due to the prolonged circulation time. The concept of 
PEGylation may also have implications for reduction of renal uptake of antibody 
fragments. The increase in molecular radii of PEG-Fab' above the threshold for 
glomerular filtration may account for the lower kidney: tumour ratios achieved 
compared to unmodified Fab' (Delgado et ah, 1996).

The addition (glycosylation) or deletion (deglycosylation) of carbohydrate 
residues to Mab's by chemical modification can alter the pharmacokinetics of 
blood and whole body clearance of radiolabelled Mab's (Buchsbaum, 1995b). 
Galactosylated antibodies clear rapidly via the asialo-glycoprotein receptor in the 
liver and it is possible to retain galactosylated antibody in the circulation for a 
longer period by blocking these receptors with an inhibitor allowing increased 
tumour uptake (Ong et ah, 1991).

1.5 Clinica I progress o f RAID
Over the last decade approximately 200 clinical trials have been 

performed using radiolabelled antibodies, demonstrating that tumours can be 
detected with excellent sensitivity and specificity (Larson et al., 1993). Many new  
antigenic targets have been discovered, and there have been important advances 
in imaging technology enabling smaller lesions to be identified (Bischof-Delaloye 
& Delaloye, 1995b). A variety of suitable radionuclides and conjugation 
techniques are also now available for RAID (Hiltunen, 1993). Recent work has 
focused on the use of antibody fragments for RAID. Advantages include more 
rapid tumour uptake and faster clearance from the circulation and normal tissues 
compared to IgG, allowing earlier images to be achieved (Harwood et al., 1985; 
Goldenberg et ah, 1990). More recently genetically engineered chimeric or 
humanised antibodies and fragments that are potentially less immunogenic, are 
now entering clinical imaging studies (Kalfonos et ah, 1994; Sharkey et ah, 1995; 
Meredith et al., 1992).

Smaller derivatives of antibodies can be produced as scFv's, and the 
advent of phage technology has permitted the generation of large scFv libraries 
of murine or human origin which may produce a wider range of antibody 
specificities than can be generated by conventional hybridoma technology 
(Winter et ah, 1994). These small molecules retain full antigen binding activity 
and may function as ideal imaging agents due to their increased tumour 
penetration, low immunogenicity and rapid clearance from the circulation 
(Milenic et ah, 1991; Colcher et ah, 1990).
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1.6 Clinical progress o f RIT

Some of the most promising RIT clinical results have been shown in 
treatment of haematologic malignancies, due to their relative radiosensitivity and 
good vascular supply. Whereas, in less radiosensitive solid tumours such as 
colorectal carcinoma only a limited number of responses have been reported 
(Jurcic & Scheinberg, 1994). Traditionally phase I/II clinical studies have been 
performed in patients with advanced metastatic disease and therefore a large 
tumour burden, however such patients are unlikely to show major responses to 
new forms of therapy.

Colorectal carcinomas are among the most frequent neoplasms in western 
countries for which there are presently few effective therapy regimes and a high 
incidence of mortality. Currently the most widely used chemotherapeutic agent 
for single agent or adjuvant therapy of advanced colorectal cancer is the 
fluorinated pyrimidine 5-FU. But, the overall response rates for 5-FU as a single 
agent is only in the region of 5-15% (Begent, 1992). Thus, there is a definite need 
to develop new forms of systemic treatment for recurrent or disseminated 
colorectal carcinoma

Clinical RIT studies in patients with advanced colorectal cancer have 
generally produced similar response rates to 5-FU (Lane et a l, 1994). However, 
the major factor that has limited dose escalation is toxicity to the bone marrow. 
Recently, high response rates have been achieved in the treatment of lymphomas, 
by administering high doses of radiation in combination with bone marrow 
support (Press et a l, 1993), and in the future many other clinical trials may be 
performed in this way. It is becoming clear that RIT alone is unlikely to eradicate 
large tumour masses, unless extremely high doses in combination with bone 
marrow support are administered. RIT for solid tumours may therefore be more 
applicable in the treatment of minimal residual disease following surgery or in 
an adjuvant setting in conjunction with other treatment modalities (Riethmuller 
e ta l ,  1993).

In recent years a great deal of research has focused on improving RIT. The 
problems associated with immunogenicity have been addressed and presently a 
new generation of recombinant chimeric or humanised antibodies are entering 
the clinical phase of development. There is also a growing number of available 
radionuclides and chelation methods suitable for RIT. Many attempts have been 
made to improve tumour uptake and therapeutic ratios. Some of the most 
successful have been described earlier in this chapter. However, there are still 
many questions that remain unanswered such as which antibody/ isotope 
combination is optimal for RIT? and which type of delivery system to improve 
therapeutic ratio should be used?
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A5B7 is a murine anti-CEA Mab which has been used for both imaging 

and therapy of colorectal tumours in nude mice bearing human tumour 
xenografts (Pedley et a l, 1993), and in patients (Lane et a l, 1994).
Impressive growth regression and complete eradication of tumours with this 
antibody and it's F(ab')2  fragment radiolabelled with 1 have regularly been 
achievable in the mouse xenograft model. However, clinical results with up to 
100 mCi in 19 patients with advanced colorectal cancer have shown responses 
but only in the region of 10% (Lane et al., 1994). A5B7 F(ab')2 fragments 
demonstrated improved therapeutic tumour: blood ratios and evidence of 
increased tumour penetration compared to A5B7 IgG, due to higher levels of 
radiolabelled antibody present in the tumour at early time points. The 
production of HAMA in this study limited sequential treatment unless patients 
were immunosuppressed with cyclosporin A, and myelotoxicity was a dose 
limiting factor. The current response rate for RIT using this antibody is in line 
with other colorectal antibodies used for RIT and some of the best 
chemotherapeutic agents such as 5-FU. Thus, there is a clear need for 
improvements to current methodology for future RIT clinical trials using this 
antibody.

1.7 Aims of this thesis
The overall objective of this thesis is to improve on existing RAID and RIT 

for CEA producing tumours. Previously the monoclonal anti-CEA antibody 
A5B7 and F(ab')2  fragments radiolabelled with l^^l, have been used for RAID 
and RIT in colorectal cancer patients. Studies have demonstrated successful 
localisation producing good tumour images and the use of higher therapeutic 
doses in some instances has lead to tumour regression (Lane et a l, 1994). This 
thesis aims to use current technology to make advances in this area of clinical 
research.

Multivalent antibody fragments
It has been proposed that a thioether bond linking two Fab' fragments 

together at the antibody hinge region may have enhanced stability to the 
naturally occurring disulphide bond (Glennie et a l, 1987). Various studies have 
demonstrated increased in vivo stability of cross-linked F(ab')2  fragments 
compared to unmodified F(ab')2 (Quadri et al., 1993; King et al., 1994).
Multivalent cross-linkers have also been synthesised to allow the formation of 
two or more antibody binding arms. These higher valency cross-linked 
fragments may have advantages over IgG due to increased avidity and altered 
pharmacokinetics (Schott et a l, 1993a; King et al., 1994). Stable macrocyclic 
chelators have also been incorporated into cross-linkers to facilitate site specific
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radiolabelling of metallic isotopes such as (Harrison et ah, 1991). This 
technology therefore facilitates the production of stable cross-linked divalent Fab' 
fragments (DFM) and trivalent Fab' fragments (TFM) which may be site 
specifically radiolabelled.

The aim is to produce and characterise murine A5B7 DFM and TFM and 
to assess their clinical potential. Valency is also known to be a major determinant 
of antibody avidity or functional affinity. A further aim is to study the effect of 
valency on the functional affinity ('on' and 'off rates) of A5B7 multivalent 
fragments (DFM and TFM) compared to native IgG and F(ab')2 - The in vivo 
stability and tumour targeting in tumour bearing mice will also be assessed by 
comparing the biodistribution of similar sized antibody forms, i.e. DFM and 
F(ab')2 , and TFM and IgG radiolabelled with either 13ÏI or The purpose of 
this study was therefore to determine which was the optimal form of the 
antibody A5B7 for RIT with the isotopes 131% and

Humanised A5B7
A humanised version of A5B7 hFab' has been constructed previously in 

order to reduce it's immunogenicity in man. (Adair et al., 1992). To facilitate 
cross-linking A5B7 hFab' was modified to contain a single cysteine group at the 
hinge. This design has previously allowed the production of high yields of stable 
cross-linked multivalent hFab's (King et a l, 1995).

The aim is to produce, characterise and study in vivo tumour targeting of 
humanised versions of A5B7 DFM and TFM. A re-oxidised version of disulphide 
bridged hF(ab')2  was also prepared in order to compare the stability to cross- 
linked DFM. This should allow a direct comparison of the strength of a single 
disulphide or thioether bond. The functional affinity of mono-, di- and trivalent 
versions of hA5B7 will also be analysed.

Humanised A5B7 hFab' may also be expressed in E. coll A  further aim of 
this project is to produce a batch of A5B7 hDFM suitable for patient 
administration. The safety, stability, biodistribution and tumour targeting ability 
in man is to be assessed in attempt to analyse the potential benefits of the use of 
hDFM for RIT.

MFE-23
MFE-23 is a high affinity scFv antibody selected from an scFv library 

generated by immunising mice with CEA (Chester et al., 1994). This scFv 
antibody has demonstrated high reactivity to colorectal tumours containing CEA 
immunohistochemically and tumour specific uptake in human tumour 
xenografts. MEE-23 has also shown favourable characteristics and tumour 
targeting advantages over a scFv constructed from A5B7 (Verhaar et a l, 1995).
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A method involving subcloning of histidine tags to the N- or C-terminus 

of scFv's facilitating selective purification using metal chelate chromatography 
has recently been described (Skerra et al., 1991). The aim here is to optimise this 
purification system for production of MFE-23, and to produce a clinical batch of 
MFE-23 suitable for administration to patients. This study consisted of the first 
scFv antibody isolated from a bacteriophage library to be used clinically for 
RAID (Begent et ah, 1996).

Technetium -99m (99m'pc) is an ideal radionuclide for clinical imaging and 
recent work has focused on designing a site-specific labelling method for scFv's 
(George et al., 1995; Verhaar et a l, 1996). The construction of scFv dimers or 
trimers may improve their clinical potential. This has been investigated by 
several groups (Adams et al., 1993; Wolff et a l, 1993; Kinggf a l, 1994) who report 
greater tumour retention compared to the monovalent scFv in xenograft studies.

To enhance the clinical potential of scFv's the aim was to produce a 
construct consisting of a hinge region with a single cysteine residue to allow  
99mxc-labelling and also to facilitate the construction of multivalent scFv's.

Renal uptake of antibody fragments
One of the major limitations revealed by this and other studies is the 

problem associated with renal uptake of antibody fragments.
There is evidence to suggest that glomerular filtration is governed by size 

and charge selectivity (Sumpio & Maack, 1982). The presence of fixed negatively 
charged components of the glomerular capillary wall are thought to be in part 
responsible for repelling filtration of anionic molecules compared to cationic or 
neutral proteins of the same size (Comper & Glasgow, 1995). One approach that 
has been employed in attempt to minimise this effect is systemic administration 
of cationic amino acids usually lysine to block these anionic sites (Pimm et a l, 
1994; Behr et a l, 1995b). Studies on various proteins have demonstrated that 
charge modification can have a significant effect on glomerular filtration and 
kidney uptake (Rennke et a l,  1978). However there have been only a few  
designed to modify antibody charge to study kidney uptake (Tarburton et a l, 
1990; Khawli et a l, 1994b).

It has recently been demonstrated that attachment of PEG to a chimeric 
version of A5B7 Fab led to reduced kidney to blood ratios in vivo (Delgado et a l,
1996). PEGylation of antibodies may also have further advantages due to 
increases in tumour uptake due to longer circulation times (Pedley et al., 1994b) 
and the potential to reduce immunogenicity (Kitamura et al., 1991).

The aims of this part of the project are therefore to attempt to reduce 
kidney accumulation of radiolabelled antibody fragments. Three approaches 
were attempted:
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i) To study the effect of systemic administration of lysine in combination with 
99mTc-Fab to monitor whether kidney uptake levels could be reduced.
ii) To study the effect of chemical modification of antibodies by attaching side 
groups to positively charged lysine residues in attempt to alter the antibody 
charge and study kidney uptake.
iii) To produce a PEGylated version of A5B7 DFM and investigate the effect of 
PEG on the biodistribution and kidney uptake in tumour bearing mice.
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Chapter 2

MATERIALS AND METHODS.

2.1 Buffers and reagents
All buffers and reagents were purchased from Sigma (Poole, UK) unless 
otherwise stated.

2.1.1 General buffers

Phosphate buffer (IM)
145 g disodium hydrogen phosphate (Na2 HP0 4 .12H 2 0 )
14.8 g sodium dihydrogen phosphate (NaH2 P0 4 H 2 0 )
Dissolved in 11 dH 20, adjusted pH to 7.5

Dulbecco's phosphate buffered saline (PBS)
1 .0  g magnesium chloride.6 H 2 0

2 .0  g potassium chloride
2 .0  g potassium phosphate monobasic (anhydrous)
80 g sodium chloride
11.5 g sodium phosphate dibasic (anhydrous)
Dissolved in 10 1 dH2 0 , adjusted pH to 7.4

2.1.2 ELISA buffers and reagents

Coating buffer
1.59 g sodium carbonate 
2.93 g sodium bicarbonate 
0 .2  g sodium azide
Dissolved in 11 dH2 0 , adjusted pH to 9.6 

Blocking buffer
2.5 g caesin hammerstein (Merck-BDH, Poole, UK.)
5 ml Tween 20
Dissolved in 500 ml of coating buffer
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Wash buffer
11.5 g disodium hydrogen phosphate (anhydrous)
58.4 g sodium chloride
2.92 g sodium dihydrogen phosphate (anhydrous)
37.2 g ethylenediaminetetraacetic acid (EDTA)
2 ml Tween 20
100 ml butanol (Merck-BDH)
Dissolved in 10 1 dH2 0 , adjusted pH to 7.2

TMB Substrate buffer
4.2 g citric acid in 20 ml dH 2 0  (IM citrate)
21.0 g sodium acetate in 900 ml dH2 0

Adjusted pH of sodium acetate buffer to 6.0 with IM citrate, made to final 
volume 1 1 .

TMB substrate
10 mg 3,3',5,5'-tetramethylbenzidine (TMB) was dissolved in 1 ml DMSO (Merck- 
BDH) and stored at -20^C in 100 |il aliquots. The substrate was prepared fresh by 
mixing 100 |xl H 2O2 stock [10 |il H 2O2 (30%) in 0.68 ml substrate buffer] in 10ml 
substrate buffer with 1 TMB aliquot. 100 pi substrate was added per well and 
incubated until sufficient colour developed (5 min approx) after which the 
reaction was quenched by adding 50 pi 4 N  HCl per well. The absorbance A 450  

nm was read on a 96 well plate reader (Microplate autoreader, Boots-Celltech 
Diagnostics Ltd, UK.)

10 X  OPD substrate buffer
10.5 g citric acid in 500 ml dH 2 0  (O.IM citrate buffer)
5.68 g disodium phosphate (anhydrous) in 200 ml dH 2 0  (0.2M phosphate buffer) 
phosphate buffer was added to citrate buffer until pH 5.0 
Diluted 1/10 prior to use.

OPD substrate
10 mg tablet O-phenylenediamine dihydrochloride dissolved in 40 ml of 1/10  
dilution 10 x OPD substrate buffer and 8  pi H2 Q2 (30% stock). Substrate (100 
pi/w ell) was added and incubated until sufficient colour developed after which 
the reaction was quenched as above. The A 490 nm was read on a plate reader.
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2.1.3 SDS PAGE, lEF and b lo ttin g  reagents

30% Acrylamide stock
29.1 g acrylamide
0.9 g N,N'-methylene bis-acrylamide
Dissolved in 100 ml dH 2 0 , stored in the dark at 4^C

2 X Non-reducing sample loading buffer
2.5 ml 1.25 M tris-HCl pH 6 .8

1.0 g sodium dodecyl sulphate (SDS)
5.8 ml glycerol
5 mg bromophenol blue 
Dissolved in 50 ml dH 2 0

For electrophoresis samples were diluted 1 /2  with loading buffer.

2 X Reducing sample loading buffer
2.5 ml 2-mercaptoethanol
50 ml non-reducing sample buffer
For electrophoresis samples were diluted 1 /2  with loading buffer and incubated 
for Imin at lOO^C prior to use.

10 X  Electrode running buffer
144.2 g glycine
30.3 g tris
10.0 g SDS
Dissolved in 11 dH2 0 , diluted 1/10 before use.

Coomassie blue stain
1.5 g coomassie blue R250
Dissolved in 300 ml destain, heated to 60^0 and filtered.

Amido black stain
0.2 g amido black lOB
Dissolved in 200 ml destain

Destain
900 ml methanol (Merck-BDH)
200 ml acetic acid (Merck-BDH)
900 ml dH2 0
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Molecular weight markers for SDS PAGE mini-gels
Novex Multimark (R&D systems, Abingdon, UK.): 200kD, 116kD, 94kD, 6 6 kD, 
55kD, 37kD, 31kD, 22kD, 14kD, 6 kD.
Broad range (BioRad, Hemel Hempstead, UK.): 250kD, 148kD, 60kD, 42kD,
30kD, 17kD, 7kD.
Low range (BioRad): 139kD, 87kD, 48kD, 33kD, 29kD, 21 kD.
NB. These markers are specified by the manufacturers to be of approximate 
molecular weights. For accurate molecular weight determination gel filtration 
using calibrated FPLC or HPLC columns was performed.

lEF fixing solution
29.0 g trichloroacetic acid
8.5 g sulphosalicyclic acid 
Dissolved in 250 ml dH 2 0

lEF stain
270 ml isopropanol
1 0 0  ml acetic acid
0.4 g coomassie blue R-250
5.0 g copper sulphate 
0.5 g crocein scarlet 
630 ml dH iO

lEF destain
1 2 0  ml isopropanol
70 ml acetic acid
5.0 g copper sulphate 
810 ml dH2 0

10 X  Transfer buffer
30.3 g tris
144.2 g glycine
Dissolved in 800 ml dH 2 0  and 200 ml methanol, diluted 1/10 before use.

Western blotting substrate
10 mg 3,3-diaminobenzidine tetrahydrochloride (DAB)
40 ml PBS
1 ml 1 % (w /v) cobalt chloride 
20 |il H2 O2 (30% stock)
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Incubated until a dark precipitate appeared, the blot was quenched by rinsing 
twice with dH2 0  and air dried.

ECL substrate
Direct enhanced chemiluminesence (ECL, Amersham kit. Little Chalfont, UK.) 
was freshly prepared by mixing equal volumes of luminol and peroxidase (Yang 
et a l, 1994). The blot was placed inside a plastic sleeve and 1 ml of the mixture 
was layered over the blot. The sleeve was transferred to a cassette, exposed for 
the desired period of time using hyperfilm (Amersham) and the film was 
developed using an X-ray processor.

2.1.4 M olecular hiology stock  solutions and reagents
Stock solutions were made using high (molecular biology) grade buffers and 
reagents, and sterile dH 2 0 .

2TY media
16 g bacto-tryptone (Difco labs,West Molseley, Surrey, UK.)
10 g bacto-yeast extract (Difco)
5.0 g sodium chloride
Dissolved in 11 dH2 0  and autoclaved.
Immediately before use 5 ml glucose (20% stock) was added to give a final 
concentration of 1%, and for ampicillin resistance 0.4 ml of a 25 m g/m l stock 
(Boehringer Mannheim, Lewes, East Sussex, UK.) was added to give a final 
concentration of ImM. Media is referred to as 2TY (amp/glu).

2TY Agar
15 g bacto-agar (Difco) diluted in 1 1 2TY medium and re-autoclaved. For plates 
containing ampicllin and glucose when the agar was approx 45 ̂ C, 50 ml glucose 
(20% stock) and 4 ml ampicillin (Boehringer Mannheim, 25 m g/m l stock) were 
added and mixed prior to pouring. Plates are referred to as 2TY (am p/glu) agar 
plates.

Luria broth 

10  g bacto-tryptone 
5 g bacto-yeast extract 
10  g sodium chloride
Dissolved in 900 ml dH2 0 , adjusted to pH 7.5 with 2M NaOH and made to 1 1. 
Autoclaved and stored at room temperature.
Immediately before use chloramphenicol (stock solution 30 p g /m l in ethanol) 
was added at a final concentration of 30 pg/1. Broth is referred to as Luria CM
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SM 6B media

5.0 g (NH4)2S04
6.25 g sodium hydrogen phosphate 
3.87 g potassium chloride 
0.56 g M gS04.4H 20
I ml Mazu 10%
4.0 g citric acid
10 ml SM6A trace elements (l.Og citrate, 0.05g CaCl2.6H20,0.02g 
ZnS0 4 .4 H 2 0 , 0.02g M nS04.4H20,0.05g CUSO4 .5H 2 0 ,4.0m g CUSO4 .6H 2 O, 
0.0967g FeClg. 6H 2 O, O.Smg H 3 BO3 , 0 .2 g NaMo0 4 ) 
made to 900 ml with dH 2 0 , adjusted pH to 7.0 with N H 4 OH, autoclaved.

10 X  TBE buffer 

108 g tris base 
55 g boric acid
9.3 g EDTA
II dH20, pH adjusted to 8.3.
Dilute 1/10 before use.

10 X  TAE buffer
48.4 g tris base
11.4 ml glacial acetic acid 
3.93 g EDTA
Made to 11 with dH2 0 , pH adjusted to 8.3.
Diluted 1/10 before use.

Ethidium bromide
A 100 mg tablet was dissolved in 20 ml dH20 to 5 m g/m l (stock solution) and 

stored in the dark at room temperature.
5 |Lil stock solution was added per 50 ml agarose gel and mixed prior to pouring 
(final concentration 0.5 pg/m l).

6 X  DNA loading buffer
0.25% (w /v) bromophenol blue 
0.25% (w /v ) xylene cyanol FF 
30% (w / v) glycerol in water 
Stored at 4^0.
Working concentration for agarose gels: 2 |il added to 10 |xl samples.
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DNA markers

0  DNA molecular weight markers (Boehringer Mannheim) were prepared using 
the ratio of 1 : 8 : 1  (marker: water: loading buffer).
Working concentration: 10 pi = 250 ng DNA. During electrophoresis DNA  
fragments were separated with the following base pair lengths:
0 : 1353,1078, 872, 603,310,281, 271,234,194,118, 72.

10 X  PCR s t o c k  s o l u t i o n

A  stock solution of the Gene Amp PCR reagent kit (Applied Biosystems, 
Warrington, UK) was made as follows:
1 ml (10 x) reaction buffer [lOOmM tris-HCl pH 8.3,500mM KCl, 1.5mM MgCl2 , 
0 .0 1 % (w /v ) gelatin]
0.25 ml of each 25mM deoxynucleoside triphosphates (A, G, C, T)
6.5 ml dH 2 0

Stock solution was divided into 25 x 0.34 ml aliquots and stored at -20 ̂ C until 
required.

2.2 A ntibodies

2.2.1 A5B7
A5B7 is a murine IgGl k monoclonal antibody to human CEA (non cross- 

reactive with NCA-1), which was cloned by conventional hybridoma technology 
in 1985 at the Department of Medical Oncology, Charing Cross Hospital,
London. A large batch of A5B7 (10 1 approx) suitable for clinical use was 
produced at Celltech Therapeutics Ltd, (fermentation lot no 10327HC01-01) and 
purified using protein A and ion exchange chromatography to >99% purity. This 
batch was used to generate F(ab')2 by proteolytic digestion for a phase I/II 
clinical study (Lane et al., 1994) and all the work in this thesis was carried out 
using this homogeneous batch.

2.2.2 Humanised A5B7
The amino acid sequence of A5B7 shows considerable homology to the 

human V h HI subgroup (Kabat et al, 1987). Of this subgroup the human 
antibody framework sequences of the human antibody LAY with the greatest 
homology to A5B7 were chosen for grafting. Additional residues potentially 
important for binding outside the CDR's were unchanged. Humanised A5B7 
hFab' in this study was of IgGyl isotype and contained an IgGy4 hinge region 
modified to contain a single cysteine residue. Vectors were constructed for 
expression in both bacterial and mammalian cells. Immunohistochemical 
analysis demonstrated that hA5B7 di-Fab' (DFM) bound to CEA containing
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human tissues with equivalent strength to that of murine A5B7 with similar low  
cross-reactivity to normal human tissues.

2.2.3 A161
A161 is an anti-AFP Mab which is in regular clinical use in the Dept, of 

Clinical Oncology at the Royal Free hospital (Begent et a l, 1994). It was used as a 
non-CEA binding control in this thesis.

2.2.4 MFE-23
MFE-23 scFv was selected for high affinity from a cDNA phage library 

(107) produced by immunising a mouse with human CEA (Chester et a l, 1994). 
This construct contained a myc-tag at the C-terminus for detection purposes. The 
gene encoding MFE-23 was subcloned into a pUC 119 expression vector to 
replace the myc-tag with a 6  x his tag at the C-terminus. This construct was 
transfected into E. coli TGI cells and an individual colony was used to produce a 
seed lot (Casey et a l, 1995). In this thesis all batches of MFE-23-His were 
expressed from this seed lot.

2.2.5 B1.8
The plasmid containing B1.8 was a kind gift to the Dept. Clinical Oncology 

from Dr R. Hawkins (MRC centre, Cambridge). B1.8 is an anti-hapten scFv 
raised against 5-iodo-4-hydroxy-3-nitrophenacetyl (NIP), and was subcloned to 
contain a C-terminal his-tag. It was expressed under the same conditions as 
MFE-23-His as used as a non-CEA binding control scFv in this thesis.

2.2.6 Anti-macrocycle
The 12N4 DOTA macrocycle was conjugated to bovine serum albumin 

(BSA) to serve as a carrier protein for immunisation. Balb c mice were 
immunised with 12N4-BSA and after boost injections serum was screened for an 
anti-12N4 response. Microtitre plates were coated with 12N4 conjugated to the 
antibody A33 for the screening assay. The screening assay consisted of a 
competition between dilutions of serum from immunised mice with an optimised 
concentration of 12N4-BSA. A specific response to the 12N4 macrocycle was 
demonstrated and the murine monoclonal antibody 1C2 (IgGlX isotype) to 12N4 
was cloned using conventional hybridoma technology. 1C2 was protein A 
purified and kindly provided by Dr L. Chaplin (Celltech Therapeutics Ltd).

2.2.7 Anti-MFE-23
The polyclonal rabbit antisera raised against MFE-23-His was produced 

according to the following immunisation program: 50 mg MFE-23-His in
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Freunds incomplete adjuvant was injected intradermally into the rabbit at 2 sites. 
Repeat boosts were given at 2 weekly intervals, the last boost consisting of 
double the dose (100 mg). The rabbit was bled by the ear and serum was 
separated by centrifuging at 11,430 x g for 20 min. Injections and bleeds were 
performed by Mr R. Boden (Dept, of Clinical Oncology). The antibody titre was 
measured by ELISA against a pre-bleed as detailed below. Boosts were given 
and titre measured at monthly and then two monthly intervals.

2.2.7.1 ELISA to measure antibody titre
Microtitre plates (Costar, High Wycombe, UK.) were coated with 100 |xl 

MFE-23-His diluted in PBS at 5 p,g/ml, for 1 hour at room temperature. The 
plates were washed twice with PBS and blocked with 250 |Lil 3% BSA in PBS 
containing 0.05% Tween 20 (PBS/Tween) for at least 1 hour at room temperature 
and stored at 4^C until used. Wells without antibody were also blocked and 
used in parallel with the MFE-23-His coated wells in order to control for any 
non-specific binding to the plastic or BSA blocking agent. The test serum was 
diluted in PBS /Tween to 1 /1 0 ,1 /5 0 ,1 /1 0 0 ,1 /5 0 0 ,1 /1 0 0 0 ,1 /5 ,0 0 0  and 
1/10,000. The blocked antibody wells were washed three times with PBS and the 
same with dH2 0 , and dilutions of the pooled test serum (1 0 0  |xl/well) were 
added in duplicate to the wells and incubated for 1 hour at room temperature. 
Unbound serum was washed from the wells with 4 washes of PBS/Tween 
followed by 4 washes with water, and bound antibody was detected by 
incubation with 1 0 0  ml peroxidase conjugated goat anti-rabbit antibody at a 
1/5000 dilution at room temperature. After 4 washes with PBS/Tween and 4 
washes with water, the assay was developed with OPD substrate. A negative 
control well without test serum was also included to control for any non-specific 
binding of the anti-rabbit conjugate. Absorbance results were plotted against 
concentration of test antibody in Figure 2.1.

Anti-MFE-23-His (pooled serum) was used for detection in ELISA and 
western blotting at a 1/500 dilution.
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Figure 2.1 : ELISA screening of anti-sera raised against MFE-23-His. The titration curve 
(grey) shows anti-MFE-23-His titrated to 1/500-1/1000. Normal rabbit sera was also 
assayed as a comparison (black).

2.3 Antigen and binding assays

2.3.1 Carcinoembryonic antigen
CEA was extracted from a human colorectal tumour liver métastasés 

using the perchloric acid extraction method described by Keep et a l, (1978). 
Purification was performed using affinity and superose 12 gel filtration 
chromatography. Potency of antigen was measured using radioimmunoassay 
(ELSA2-CEA kit, CIS biolntemational, France) and concentration of protein A 280 
nm measured using a spectrophotometer (DU-64 spec, Beckman, High 
Wycombe, UK.) assuming an extinction coefficient equal to 1. A departmental 
supply of purified antigen was kindly provided by Mr J. Thornton. BIAcore 
experiments in this thesis were performed using the same preparation of CEA. 
Where possible this same preparation was used for CEA binding ELISA tests. 
However, direct comparisons of antibody binding measured by ELISA were only 
performed on the same assay plate coated with the same preparation of CEA 
including relevant controls.

2.3.2 ELISA to measure antibody binding to CEA
Microtitre plates were coated with 100 |xl CEA, diluted in PBS at 2 pg/m l, 

for 1 hour at room temperature. The plates were washed and blocked as
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previously and control wells without CEA were used in parallel. The test 
antibody was diluted in PBS /Tween to a concentration of 5 or 10 p g /m l. The 
blocked CEA wells were washed and doubling dilutions of the test antibody (100 
|L i l /well) were added in duplicate to the wells as above. After washing, bound 
antibody was detected by incubation with 10 0  |il peroxidase conjugated sheep 
anti-mouse antibody (Amersham) at 1/1000 dilution for Ih at room temperature. 
After washing, the assay was developed with OPD. A negative control well 
without antibody addition was also included to control for any non-specific 
binding of the anti-mouse antibody. Absorbance results were plotted against 
concentration of test antibody

2.3.3 Competition ELISA to measure binding to CEA
Wells were coated with CEA and blocked as described above. A 

competition assay was performed using dupicate serial dilutions of the test 
antibody (50 |il per well) usually starting at 10 jig/m l (unless otherwise stated), 
diluted in PBS/Tween with 50 jil A5B7 IgG conjugated to HRP (25 jig/m l - 
optimised for saturation) for Ih. Plates were washed and control wells used as 
above, and developed with OPD substrate. Antibody binding was calculated by 
subtracting the meaned results (absorbance 490nm) for each dilution in the 
competition wells from the mean result with no competition (A5B7 IgG-HRP 
only). Binding curves were constructed for concentration or nM binding sites 
against subtracted absorbance.

2.4 Characterisation o f  antibodies

2.4.1 SDS polyacrylamide gel electrophoresis (SDS PAGE)

2.4.1.1 Hoefer mini gels
Electrophoresis of proteins was performed using the discontinuous buffer 

system (Laemlli, 1970) under reducing and non-reducing conditions. SDS-PAGE 
mini gels (0.75 mm thick, 10 wells) were run at 10mA using SE 250 mighty small 
apparatus (Hoefer scientific, San Francisco, US). The concentration of acrylamide 
was based on the general guidelines for separation of proteins of different 
molecular weights. (15% : 12-45kD, 10% : 16-70kD, 5% : 60-200kD), the recipes 
were made and gels cast according to manufacturers guidelines. Gels were 
electroblotted or stained with coomassie blue and destained until a clear 
background was achieved.
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2.4.1.2 Novex gradient gels

Novex pre-cast (4-20% polyacrylamide gradient) tris glycine, 1mm thick 
gels (R& D systems) were rim at 30mA for 90 min according to the manufacturers 
instructions. Gels were stained with coomassie blue and destained until a clear 
background was achieved.

2.4.1.3 Autoradiography
To ensure antibodies remained intact after radiolabelling samples were 

analysed using SDS PAGE mini gels or Novex gradient gels. The proteins were 
visualised by autoradiography using a phosphorimager 450 (Molecular 
Dynamics, UK), (Johnston et a l, 1990).

2.4.2 Western blotting
SDS PAGE mini gels were electroblotted using the 2117 Multiphor II 

system (Pharmacia Biotech. St Albans, UK.) using a continuous buffer system.
The graphite anode was moistened with transfer buffer and 6  Whatman 
chromatography filter papers (Maidstone, UK.) cut to 9 cm x 11 cm soaked in 
transfer buffer were placed on the anode plate. The nitrocellulose membrane 
(PVDF, BioRad) was cut to size (8  cm x 10 cm), and after pre-soaking in methanol 
followed by transfer buffer was placed centrally on top of the filter papers. The 
mini gel was positioned flat on the membrane and additional buffer was applied 
to ensure efficient transfer. A further 6  soaked filter papers were stacked to cover 
the gel and the cathode was placed on top. The total surface area was calculated 
and current applied according to the recommended conditions of 0.8 mA/cm^  
for 1 h.

The blotted membrane was blocked with 5% milk powder (marvel) in PBS 
for at least 1 h on a rocker. The blot was washed 4 times in PBS/0.05% Tween 20 
for 15 min with gentle mixing. The first antibody was incubated in blocking 
solution containing 0.05% Tween 20 for 1 h. The unbound antibody was washed 
away with 4 washes of PBS/0.05% Tween 20 over 30 min. The detection 
antibody conjugated to HRP was incubated as for the first antibody at the 
recommended dilution. Anti-human Fab' was incubated at a 1/100 dilution and 
detected with a 1 / 1 0 0  dilution of goat anti-human horse radish peroxidase 
conjugate (HRP). Anti-His was used at a final concentration of 2 p g /m l and 
detected with a 1/1000 dilution of sheep anti-mouse HRP (Amersham). Anti- 
myc (9E10) was used at a 1/1000 dilution and detected with a 1/1000 dilution of 
sheep anti-mouse HRP conjugate. Extensive washing for 1 h with at least 6  rinses 
was performed and the western blot was detected with DAB substrate or ECL.
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2.4.3 Isoelectric focusing (lEF)

Pre-cast polyacrylamide gels (Pharmacia) with ampholyte gradient pH  
S.5-9.5 were run using a 2177 Multiphor II system. The cooling plate was 
attached to a thermostatic circulator set at lO^C for 2 0  min before starting the 
focusing. One electrode strip was soaked in anode buffer (IM phosphoric acid) 
and another in cathode buffer (IM sodium hydroxide), blotted and applied 
approximately 2 mm from the edge of the gel. The samples were diluted or 
desalted into a low ionic strength buffer (usually 10-20mM sodium phosphate 
buffer) to ensure efficient separation. 10-15 |xl samples and lEF markers 
(Pharmacia) were loaded on to the gel using the applicator strip (52 well) at an 
appropriate position on the gel. The electrodes were connected and the gel was 
run for 2 h using the recommended power settings: Voltage 1500, Current 50mA, 
Power SOW. After focusing was complete the pH gradient was checked using a 
surface electrode (Pharmacia) by measuring the pH at 10 positions 1 cm apart 
across the gel, the samples were then re-focused for 10 min. The gel was fixed for 
30 min, stained for 1 h and destained until a clear background was achieved. The 
distance from the cathode of marker and sample bands was measured. A graph 
of surface pH was plotted against position (cm from cathode) and compared to a 
plot of marker pH versus position, as illustrated in Figure 2.2. The isoelectric 
points (pTs) of sample bands were evaluated using the marker graph.
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Figure 2.2: Graph of the pi gradient generated during isoelectric focusing measured 
using a surface electrode at 1cm intervals across the gel (polyacrylamide pH 3-10 
gradient) from the cathode and marker pi measured as the distance from the cathode 
(cm).
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2.4.4 Measurement of antibody affinity using BIAcore

The affinity of anti-CEA antibodies to antigen was evaluated by surface 
plasmon resonance using the BIAcore system (Pharmacia). This was performed 
at Celltech Therapeutics Ltd under the guidance of Dr L. Chaplin. The molecular 
interactions occur on the surface of a CM 5 sensorchip which consists of a glass 
slide covered with a thin film of gold bound to a carboxylated dextran matrix.
The ligand (CEA) was covalently coupled using aldehyde coupling or thiol 
coupling, and the antibody was allowed to pass over the surface and complex 
with the immobilised antigen. Surface plasmon resonance is used to detect 
changes in optical properties on binding of antibody to the surface. This change 
in resonance signal is referred to as resonance units (RU's). Monitoring this 
process continuously generates a sensorgram from which the association rate 
constant (kass)/ the dissociation rate constant (kdiss) and the affinity constant 
(Kd ) can be determined.

2.4.4.1 Aldehyde coupling
Aldehyde coupling was based on the method of Abraham et a l, (1995). 

CEA (100 |ig  at 1 m g/m l) in O.IM sodium acetate buffer pH 5.5 was oxidised by 
incubation with 2 jil freshly prepared 50mM sodium metaperiodate for 20 min on 
ice. The reaction was stopped by desalting the mixture into lOmM sodium  
acetate buffer pH 4.0, using a BioSpin 6  column (BioRad) to give 100 |xl oxidised 
CEA at 0.89 m g/m l. Oxidised CEA was immobilised onto CM5 sensor chips 
(Pharmacia) using the amine coupling kit (Pharmacia) and aldehyde coupling 
procedure described in the manufacturers instructions. The following samples 
were injected sequentially: To activate the sensor chip 15 pi of a mixture of N- 
hydroxysuccinimide (NHS) and N-ethyl-N'-(3-diethyl-aminopropyl)- 
carbodiimide (EDC) final concentrations 50mM and 200mM respectively 
(Biosensor amine coupling kit), was injected for 2 min. 35 |il hydrazine (5mM) 
was then injected which binds covalently to activated surface esters followed by 
35 pi IM ethanolamine to inactivate residual esters. Oxidised CEA (5,1,0.2,0.05  
m g/m l) ligand in lOmM sodium acetate pH 4.0 was then added which reacted 
with activated hydrazine groups and to stabilise the hydrazone bond. Finally 40 
pi of O.IM sodium cyanoborohydride was passed over the surface for 20 min, 
and the sensorchip was washed with 4 successive aliquots of lOmM HCl prior to 
use.

2.4.4.2 Thiol coupling
CEA (100 pg at 1 m g/m l) in O.IM MES buffer pH 5.0 was mixed with 0.55 

mg 2-(2-pyridinyldithio)ethaneamine hydrochloride (PDEA) and cooled on ice. 2 
pi 0.4M EDC in dH 2 0  was added and allowed to react on ice for 1 h. The
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mixture was desalted into O.IM MES buffer pH 5.0 and the derivatised CEA (0.5 
m g/m l) was diluted 3-fold with lOmM sodium citrate pH 3.0.

Derivatised CEA was immobilised onto a CM5 sensorchip using the 
standard surface thiol procedure described in the manufacturers instructions. 
Briefly, the following reagents were injected sequentially: 10 pi EDC/NHS over 
2 min was added to activate the surface, followed by 15 pi 40mM cystamine 
dihydrochloride/0.2M boric acid pH 8.5 over 3 min to introduce surface 
disulphides. 15 pi O.IM dithiothreitol (DTT)/0.2M boric acid pH 8.5 was added 
over 3 min to reduce the surface disulphides to thiols then 35 pi PDEA-CEA (100 
pg/m l) was coupled to surface thiols for 7 min. 20 pi 20mM PDEA/IM  NaCl in 
O.IM sodium formate pH 4.3 over 4 min was used to deactivate excess reactive 
groups and the surface was regenerated with 4 x 5 pi lOmM HCl.

2.4.4.3 Evaluation of kinetic constants
Antibody samples were prepared in HBS buffer (lOmM Hepes, 150mM 

NaCl, 3.4mM EDTA) at various concentrations (333.4-41.7nM). Samples (35 pi) 
were injected in duplicate over the immobilised CEA flowcell at a flow-rate of 10 
pl/m in  to observe the binding association and dissociation kinetics. The surface 
was regenerated between samples by injecting 2 x 5 pi aliquots of HCl.

The resulting sensorgrams were evaluated using the BIA Evaluation 2.1 
software (Pharmacia Biosensor) using non-linear rate equations. The interaction 
between antibody (Ab) and surface bound antigen (Ag) immobilised on the chip 
was calculated assuming 'pseudo' first order interaction kinetics (i.e. no other 
binding reactions are taking place). This is an equilibrium reaction which is 
determined by the rate of association and dissociation.

âsska
Ab + Ag  ̂ -  (Ab-Ag complex)

kdiss

The dissociation affinity constant (Kq) can be directly determined from the ratio 

of kdiss/kass-

2.5 Preparation o f an tibody fragm ents

2.5.1 Production of Bromelain digested murine P(ab')2
A5B7 was dialysed into O.IM sodium acetate buffer/3 mM EDTA pH 5.5 

and concentrated by Amicon ultrafiltration (Amicon Ltd, Stonehouse, UK.) to 10 
m g/m l (approx.) using 10 kD cut off PLGC membranes (Millipore, Bedford, 
UK.). 1 ml of Bromelain (5 m g/m l) was activated by incubation with 4 ml 50mM 
cysteine in O.IM sodium acetate buffer/3mM EDTA pH 5.5 for 30 min at 370C.
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Bromelain was desalted to remove cysteine using a sephadex G-25 pre packed 
PDIO column (Pharmacia) into the same buffer collecting 1 ml fractions. The 
concentration was determined by measuring the A28O run using the extinction 
coefficient for 0.01% bromelain of 1.789. Freshly activated and desalted 
bromelain was added to A5B7 at a ratio of 1: 50 (bromelain : antibody) by 
weight, and the mixture incubated at 37^ C with gentle mixing. Digestion was 
monitored by applying a 20 pi sample to an analytical HPLC column (Zorbax GF- 
250XL, Anachem, Luton, UK.) and was usually complete in 1-1.5 h. The reaction 
mix was cooled to 4.0^C and the pH was adjusted to 6.0 with O.IM sodium  
hydroxide. Bromelain was then removed rapidly by loading the reaction mix 
directly onto an SP-sepharose (Pharmacia) ion exchange column (approx 30 ml) 
pre-equilibrated with O.IM sodium acetate buffer (pH 6.0) attached to a U.V. 
monitor and chart recorder (Pharmacia). The column was washed with approx 
3-5 column volumes (cv) of buffer until all unbound material was eluted and 
absorbance reached baseline, then the F(ab')2 was eluted with the same buffer 
containing 0.5M sodium chloride. F(ab')2 was further purified using a sephacryl 
S-200 gel filtration column (Pharmacia) (2 columns in series; 1 m x 2.6 cm), in 
O.IM sodium acetate/O.lM potassium chloride/3mM DTP A buffer pH 6.0 run at 
a flow rate of 0.3 m l/m in.

2.5.2 Preparation of murine Fab '
F(ab')2 prepared by bromelain digestion was used to make monomeric 

Fab' by reduction and alkylation. F(ab')2 was concentrated to 5 m g/m l and 
dialysed to O.IM sodium bicarbonate buffer/2 mM DTP A pH 7.8. The F(ab')2 
was reduced with a final concentration of 5mM 2-mercaptoethylamine (2ME; 
Fluka, Gillingham, UK.) for 0.5-1 h at 37^0, then incubated with a 10-fold excess 
of a saturated solution of N-ethyImaleimide to alkylate the liberated hinge thiols. 
Fab' was purified from any remaining F(ab')2 by S-200 gel filtration.

2.5.3 Preparation of papain digested murine Fab
A5B7 was concentrated to 20 m g/m l and dialysed into 0.5M sodium  

phosphate buffer. Cysteine and EDTA were added to a final concentration of 
lOmM and 2 mM respectively. 1 mg of papain was added for every 100 mg of 
IgG used and the mixture was incubated at 37^C for 4 h. The digest was dialysed 
against 5 mM phosphate buffer pH 8.0 to remove cysteine, EDTA and inactivate 
the enzyme.

Purification of Fab was performed by FPLC (Advanced Waters 650E 
system, Millipore) using a 1 ml mono S HR 5 /5  (prepacked, Pharmacia) cation 
exchange column. The column was equilibrated and run in 20mM tris pH 7.0 at
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1.0 m l/m in and Fab was eluted at 2 m l/m in using a salt gradient (20 ml) to IM 
NaCl.

2.5.4 Preparation of DFM and TFM
Purified F(ab')2 or hFab' was concentrated to 5 m g/m l (approx) and buffer 

exchanged to O.IM sodium acetate/2 mM DTP A pH 8.0 (pH 6.0 for hFab'- the 
reaction was slower at this pH and is more suitable for reduction of 1 thiol as 
opposed to 3 thiols for murine F(ab')2 /Fab' ). F(ab')2  was partially reduced to 
form Fab' fragments and expose thiol residues and hFab' was reduced to activate 
the thiol group using 5mM 2ME (refer to Appendix 1). The reducing agent was 
then removed by desalting using a PD-10 column equilibrated with the same 
buffer, and the presence of free thiols was measured (refer to section 2.5.4.1 and 
Appendix 1).

Samples were stored on ice immediately after desalting to preserve free 
thiol groups until addition of cross-linker. Cross-linking to DFM was performed 
by incubation at 37^C of desalted reduced Fab' with 1,6 Bismaleimidohexane 
(BMH, Pierce & Warriner; dissolved in dimethyl formamide, DMF) or CT52 
macrocycle maleimide linker dissolved in dH2 0  (refer to Figure 2.3 for structure 
and Appendix 1 for reaction chemistry) for 2 h at a molar ratio by weight of 2 :1 
(antibody: linker). TFM was prepared by the same method using the 
trifunctional linker CT998 dissolved in dH 2 0  (refer to Figure 2.3 for structure), 
using a 2  : 1  final concentration of cross-linker, added in 2  equal aliquots with a 
30 min time interval. Cross-linkers CT52 and CT998 were kindly provided by 
Celltech Therapeutics Ltd.

Preparation of antibodies for yttrium 90 (^Oy) labelling was performed 
under metal free conditions. This was achieved by use of Milli-Q SP distilled 
water (Millipore) high quality reagent buffers and metal free containers.

Purification of DFM and TFM was achieved by HPLC gel filtration using a 
Zorbax GF-250XL preparative column run at 3 m l/m in  in O.IM sodium  
phosphate/2 mM DTP A pH 7.0. SDS PAGE under non-reducing conditions was 
performed to confirm purity. To check for the presence of re-oxidised F(ab')2 a 
small sample of DFM was reduced and alkylated as above (refer to section 2.5.2), 
HPLC analysis should reveal the percentage F(ab')2  now present as Fab' in the 
sample relative to DFM (this was routinely <5%).

2.5.4.1 Thiol assay
The A280 rim of a 1/10 dilution of the reduced desalted antibody in PBS 

was measured. 10 |xl of 5 mM 4',4'-dithiopyridine (DTDP) in ethanol was added 
to 90 |il diluted antibody, mixed and incubated at room temperature for 10 min. 
10 |il DTDP in 90 pi PBS was also incubated as a reaction blank. The assay
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Figure 2.2: Schematic representation of the chemical structure of dimaleimide cross
linker CT52and trimaleimide cross-linker CT998. Both cross-linkers contain the 12- 
N4 macrocycle group which allows site specific radiolabelling
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measures release of thiopyridine produced by reaction of DTDP with free thiols 
which causes an increase in absorbance at A 324 nm (refer to Appendix 1 for 
chemistry of reaction). The number of thiols per mole of antibody was calculated 
using the extinction coefficient for thiopyridine of 19800 M"1 at A324  nm. 
Calculation:
[(A324  sample - A324 blank)/19800] x 1 0  ̂x 0.9 = M thiols 
The molar ratio of thiols per antibody can be calculated using the original 
antibody concentration determined by A28O nm using the extinction coefficient 
for IgG of 210,000 to give M thiols/M  antibody.

2.6 Preparation o f clinical grade antibodies
Bacterially produced clinical grade antibodies were prepared in 

accordance with the guidelines specified in the Cancer Research Campaign 
control operation manual for recombinant products (Begent et ah, 1993). A 
summary of the guidelines for the quality and safety of clinical products include:
i) Designated sterile work areas and equipment which will prevent 
contamination of the purified product,
ii) Full details of product development including expression systems and DNA  
sequencing,
iii) Preparation of a clinical seed lot including testing for homogeneity and 
reactivity on storage,
iv) Purification details and reproducibility,
v) Final product characterisation including contamination levels, potency, 
biological activity and toxicity.

Standard operating procedures (SOP'S) were produced for each individual 
stage of the antibody production process and relevant equipment, in accordance 
with the above regulations (Begent et ah, 1993).

2.6.1 Purification
All buffers were made with pyrogen free sterile water (Baxter. Norfolk, 

UK.) using high grade reagents. Glassware was autoclaved and sterile 
disposables were used where possible. Other vessels were de-pyrogenated prior 
to use by soaking in O.IM sodium hydroxide for at least 20 min, and rinsed 
thoroughly in sterile water. Column eluates were monitored prior to use for 
sterility using the Limulus amebocyte lysate (LAL) endotoxin gel clot test (refer 
to section 2.6.4.2), and de-pyrogenised if required using the appropriate method.
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2.6.2 Production ofA 5B 7 DFM

2.6.2.1 Fermentation of A5B7 hFab'
Large-scale fermentation to produce A5B7 hFab' in E. coli was performed 

under stringent conditions by Dr N. Weir at Celltech Therapeutics Ltd. A 
summarised method is described here: A seed lot ampoule was thawed and 
used to inoculate an Erlenmeyer flask (21) containing 400 ml of Luria CM media. 
The flask was incubated at 30 in an orbital incubator at 250 rpm for 6  h. A 
further 400 ml of media was added to the flask and incubated for a further 2 h, 
after which the culture was transferred to a 2 1 inoculation vessel. The inoculum  
was transferred to a 20 1 fermentor (Lh 2000) containing 141 sterile Luria CM 
medium and the culture incubated for 3.5 h at 30^C. The culture was transferred 
to a 20 1 sterile aspirator vented by a 0.22|im air filter and pumped into a 150 1 
production fermentor (Lh 1500) containing 100 1 SM6 B medium (with no 
antibiotic). The culture was incubated at 30^C for 22 h at >40% air saturation 
then induced to produce hFab' by switching the carbon source from lactose to 
glucose. The culture was induced for 20 h then chilled to 10 Oc. Cells were 
separated from culture supernatant using a continuous disk stack centrifuge 
BTPX 205 and the cell concentrate and supernatant collected in sealed holding 
tanks vented with 0.2 pm air filters and chilled to 4^C. The cell suspension was 
made to lOmM tris HCl pH 7.5 and homogenised by single pass at 550 bar, 
throughout this process the temperature was maintained at 4^C. The 
homogenate was heat treated at 46 ̂ C for 16 h after which the bulk cell debris was 
separated from soluble cell extract by further centrifugation. Supernatant was 
concentrated to 601 (approx) using a hollow fibre system (Amicon).

2.6.2.2 Purification of A5B7 hFab'
Purification of hFab' was performed using streamline A® expanded bed 

chromatography. This procedure was optimised and performed by Dr L.
Chaplin at Celltech Therapeutics Ltd. The advantage of this method is the 
bacterial product can be applied directly to the gel slurry after the extraction 
process, this also eliminates the need for costly downstream processing steps 
such as centrifugation, concentration and clarification. Also, recovery of a higher 
proportion of total product is possible due to elimination of these downstream  
processing steps.

Supernatant obtained from lysed E. coli cells was clarified through a 0.2)Lim 

Prostack filter (Millipore) to give 40 1 of clarified supernatant and 15 1 of retentate 
which were stored in nalgene containers at 4^C. The supernatant and retentate 
samples from the clarification process post fermentation were made IM by
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addition of solid glycine and adjusted to pH 7.5 with 50% (w /v) sodium  
glycinate.

Streamline A® matrix (700ml, Pharmacia) was conditioned prior to use by 
washing with 1 1 6M guanidine HCl and equilibrated with 10 1 of IM 
glycine/glycinate, 0.25M NaCl pH 8.0. The matrix was added to the sample as a 
slurry and allowed to bind overnight at 4^C. The slurry was packed into a large- 
scale Amicon column (90 cm expanded bed height, 38 cm condensed bed height) 
at a flow rate of 200 cm /hr and washed with 10 cv equilibration buffer. hFab' 
was eluted in the compressed mode with 2-3 cv of O.IM tri-sodium citrate/citric 
acid pH 3.0 at a flow rate of 50 cm/hr. The hFab' containing fractions were 
pooled, pH adjusted to 5.5 by addition of 2M tris-HCl pH 8.5 and sterile filtered 
through a 0.2pm filter. This process was repeated twice for the supernatant and 
once for the retentate to exhaust the samples of hFab'.

2.6.2.3 Preparation of cross-linked A5B7 hDFM
Streamline A® purified hFab' was pooled and concentrated to >10 m g/m l 

in an Amicon stirred cell using a 10 kD molecular weight cut-off membrane 
(PLGC, Millipore Ltd), soaked in sterile water. For reduction hFab' was dialysed 
into O.IM sodium acetate pH 6.0 with 3 buffer changes and incubated with a final 
(optimised) concentration of 50mM 2ME for 90 min at 37^C with constant 
agitation. The reductant was removed by buffer exchange into O.IM sodium  
acetate pH 6.0 using a Sephadex G25 column (70 ml: 2.6 cm x 13 cm, Pharmacia) 
run at a flow rate of 3.0 m l/m in, collecting 2.75 ml fractions. This desalting step 
was previously optimised using the same amount of non-clinical antibody and a 
similar column, to ensure the correct fractions were collected and there was no 
contamination with trace levels of 2ME. Each fraction was analysed for the 
presence of free thiol groups by performing a thiol assay (see section 2.5.4.1) on a 
diluted sample.

Cross-linker (BMH as a ImM solution in DMF) was added in 5 equal 
aliquots to the reduced hFab' to a final molar ratio of 2.2 :1 (Fab': linker) with 
constant agitation over 30 min at 370(2. The reaction was allowed to proceed 
overnight.

2.6.2.4 Purification ofhA5B7 DFM by gel filtration
A  gel filtration column (5.0 x 100 cm) was packed with approx 1.5 1 

sephacryl S-200HR (Pharmacia) and equilibrated with 50mM phosphate buffer. 
The column was de-pyrogenised for 90 min with 0.5M sodium hydroxide and re
equilibrated, followed by 60% ethanol/IM  acetic acid for the same period. The 
pH was checked to ensure neutrality. The cross-linked sample was loaded to the
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column and run at a flow rate of 5 m l/m in. 2 ml fractions were collected, 
relevant fractions were measured at A28O rim and pooled for SDS PAGE analysis.

Final purified hDFM was concentrated by Amicon ultrafiltration and 
applied to an endotoxin removal column as detailed below. Endotoxin free 
material was concentrated using Amicon ultrafiltration, 0.2)Lim filter sterilised 
and dispensed in a sterile hood into 0.5 mg aliquots in 1 ml Nunc sterile screw 
thread vials. Aliquots were stored in a designated cold store (4.Q0C) in the Dept 
of Pharmacy (Royal Free hospital) until required.

2.6.3 Production ofM FE-23-His
Seed-lot production and expression in 21 shake flasks of MFE-23-His was 

performed to clinical guidelines by Ms L. Robson in the Dept of Clinical 
Oncology (Royal Free hospital). For shake flasks one seed-lot aliquot of MFE-23- 
His was used in place of one colony (for production method refer to section 
2.8.11).

2.6.3.1 Purification ofMFE-23-His using immobilised metal ion affinity 
chromatography (IMAC)
A  4 1 batch of MFE-23-His supernatant was concentrated using a de- 

pyrogenised Amicon CH2 ultrafiltration system incorporating a RA2000 
reservoir and SIYIO spiral cartridge with a molecular weight cut off of 10 kD. 
MFE-23 His culture supernatant was concentrated to 200-300 ml and pressure 
dialysed against sterile PBS pH 7.4. The crude MFE-23-His was centrifuged at 
6,300 X g for 20 min at 4.0^C and re-filtered using 0.45pm and 0.2pm Nalgene 
filters to sterilise and remove any large protein aggregates which may have 
formed during the concentration steps. Concentrated dialysed supernatant was 
made IM by addition of solid sodium chloride.

A 2.5 X 10 cm Econocolumn (BioRad) was packed with 40 ml chelating 
sepharose fast flow (Pharmacia) and equilibrated under gravity with 100 ml 
sterile dH 20. Metal ions (Cu^+) were loaded as 100 ml of O.IM copper sulphate, 
(zinc chloride or nickel chloride were also used for initial investigation) in dH 2 0  

and washed through with the same volume of equilibrium buffer (PBS/IM  
NaCl). Up to 300 ml supernatant was loaded and the unbound material 
collected. Competitive elution was carried out using an imidazole gradient of 
20-120 mM, collecting 250 ml (approx) elutant batchwise at each step. Imidazole 
solutions were made in sterile PBS containing IM sodium chloride to suppress 
ionic interactions, thereby improving selectivity of the metal for the histidine 
ligands (Sulkowski, 1985). The column was regenerated by stripping metal ions 
with 100 ml of 50mM EDTA and re-equilibrated with several cv of sterile dH 20.
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All fractions were dialysed into PBS to remove salt, eluting agents and any 

metal ions which may have leached from the column. The fractions containing 
purified MFE-23-His were then pooled and concentrated using Amicon 
ultrafiltration and a PMIO membrane for SDS PAGE analysis. To increase 
recovery of clinical material dialysed fractions containing semi-purified MFE-23- 
Fiis (excluding the EDTA fraction) were subsequently pooled and re-applied to 
the column.

2.6.3.2 Purification ofMFE-23-His by gel filtration
The IMAC purified material was further purified by gel filtration to 

remove aggregates and metal ions. The column was de-pyrogenised when  
necessary as above (refer to section 2.6.2.4). Concentrated, dialysed 0.2pm sterile 
filtered IMAC purified MFE-23-His was applied to a sephacryl S-100 (Pharmacia) 
column (approx 350 ml) equilibrated in sterile PBS run at a flow rate of 2 m l/m in. 
Fractions (2 ml) were measured at A 280 nm, relevant fractions pooled and 
concentrated, using stirred cell ultrafiltration and stored at 4.0 ̂ C.

Final purified MFE-23-His was concentrated by Amicon ultrafiltration and 
applied to an endotoxin removal column as detailed below. Endotoxin free 
material was concentrated using Amicon ultrafiltration, 0.2pm filter sterilised 
and dispensed in a sterile hood into 0.5mg aliquots in 1ml Nunc sterile screw 
thread vials. Aliquots were stored in a designated cold store (4.0^C) in the Dept 
of Pharmacy until required.

2.6.4 Endotoxin rem oval

2.6.4.1 Endotoxin removal using Detoxi-gel
Detoxi gel is an affinity matrix composed of polymyxin B which has a high 

capacity for binding the lipid A component of gram negative bacterial cell walls, 
known as endotoxin. It is essential to remove endotoxin from bacterially 
produced antibodies before administration to patients to meet safety 
requirements and eliminate the possibility of pyrogenic responses adverse to the 
patient.

This procedure was performed in a sterile cabinet (Laminar flow, Heraeus, 
Brentwood, UK.) to reduce risk of contamination. Fresh gel and columns were 
used for each individual clinical antibody preparation. 20-40 ml Detoxi gel 
(Pierce & Warriner) was packed into a sterilised column (BioRad) and 
equilibrated with sterile PBS. The column was charged with 20-40 ml 1% sodium  
deoxycholote followed by the same volume of sterile dFl2 0 . After re
equilibration the sample (1 0 -2 0  ml) was loaded and allowed to run into the gel. 
The column was covered and incubated for at least 24 h at 4.0 ̂ C. This long
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incubation increases the contact time of the sample to allow efficient removal of 
endotoxin. To elute, the column was washed with 2 cv of sterile PBS. 
Regeneration of the column was performed by washing with 3 cv 1% 
deoxycholate followed by 5 cv sterile dH 20. Endotoxin levels of eluted sample 
were monitored using the LAL gel clot test.

2.6.4.2 LAL-Endotoxin assay
Limulus amebocyte lysate (LAL) gel clot vials (5 and 0.25 EU), endotoxin 

free vials, pipettes and d H 20  were purchased from Atlas Bioscan (Chichester, 
UK.). Dilutions of test material were prepared using the sterile vials, d H 20 and 
pipettes in a sterile cabinet. 0.2 ml of test material and a negative and positive 
control were added to the gel clot vials, vortexed and incubated for l h ( + / - 2  
min) at 3 7 OC. The reaction tubes were removed one at a time and inverted in one 
smooth motion. A positive test was indicated by formation of a gel which did 
not collapse on inversion.

2.6.5 Toxicology and Safety testing

2.6.5.1 Toxicology
Ten times the patient dose adjusted per kg was injected into 5 guinea pigs 

to observe toxicity. Animals were observed for 28 days for signs of toxicity, then 
bled and a macroscopic investigation of the normal tissues was performed. A  
total red, white and platelet count was carried out and compared to a control 
animal. This was performed by Dr R. B. Pedley in the Dept of Clinical Oncology, 
blood cell counts were measured by routine analysis in the Dept of Haematology 
(Royal Free hospital).

2.6.5.2 Microbiological screening
An aliquot of clinical grade antibody was analysed for sterility by 

microbial culture. Plates were incubated at 37^C for 2 days then assessed for 
general bacterial and fungal growth. This procedure was performed by the Dept 
of Clinical Microbiology (Royal Free hospital).

2.Ô.5.3 Pyrogen testing
A  sample of antibody was tested for the presence of pyrogens in vivo by 

SafePharm laboratories (Derby, UK). Assessment was based on the dosage (0.5 
mg) administered to an average 75 kg man. Three times the patient dose (0.5 mg 
X 3) was scaled per kg (0.5 x 3/75) and this amount was administered 
intradermally per kg to 3 rabbits. Rectal temperature was monitored every 30
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min for 2 h pre-dosage and for 3 h after administration. The summed rise in 
temperature of the 3 rabbits was measured, and if this was below 1.5 
(SafePharm Laboratories specification) the sample was referred to as safe for 
human administration.

2.6.5.4 Bacterial DNA analysis
Bacterial DNA analysis of the final product was performed using the 

digoxigenin DNA labelling and detection kit (Boeringer Mannheim). The 
sensitivity of the assay was approximately 25pg. This procedure was performed 
by Ms L. Robson in the Dept of Clinical Oncology.

2.7 Chemical m odification o f antibodies

2.7.1 Biotinylation of antibodies
A5B7 fragments were dialysed into 0.1 M sodium bicarbonate pH 8.5. 

Caproylamidobiotin-NHS ester dissolved in DMSO at 5 m g/m l was added to 
antibody at various molar ratios (range 2 : 1  to 1 0 0 :1  respectively) to give 
antibodies with varying degrees of biotinylation. The reaction mixture was 
incubated for 4 h at room temperature with gentle mixing, and then dialysed 
against PBS with 3 buffer changes to remove any unreacted reagents. The degree 
of biotinylation was assessed by the 4'-hydroxyazobenzene-2-carboxylic acid 
(HABA) dye assay (Pierce & Warriner) (Green, 1965).

2.7.1.1 HABA assay
Avidin-HABA reagent was prepared by mixing 600 pi lOmM HABA 

solution with 10 mg avidin (dissolved in lOmM sodium hydroxide) in 19.4 ml 
PBS. 100 pi of biotinylated antibody (at approximately 1 m g/m l) was denatured 
by heating at 56 for 10 min after which 10 pi 1% pronase was added and the 
protein sample digested overnight to prevent any steric hinderance of the avidin- 
biotin reaction. The absorbance at A 500 nm of 900 pi of avidin-HABA reagent 
was measured and recorded. 1 0 0  pi of the digested biotinylated antibody was 
added, mixed and A 500  um measured. Biotin displaces the HABA dye due to its 
higher affinity for avidin, and therefore the A 500 decreases proportionately when 
biotin is added. Using the extinction coefficient 34 m l/pM  based on the 
avidin/dye complex, and knowing 1 biotin displaces 1 HABA, the pM of 
biotin/m l of reaction mixture was calculated using the Beer-Lambert Law:
AA = E1 c where (A A = change in absorbance, 8 = extinction coefficient, 1 = 
path length and c = concentration of sample).
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Calculations:

AAgoo = [0  9 (A500 of HABA)]-(A5oo of biotin sample)
(the factor of 0.9 takes into account the dilution factor, 90% of the solution is 
HABA-avidin reagent and 10% is sample).
AA500 /34 = pmole biotin/ml reaction mixture
Knowing the concentration of the original biotinylated sample and therefore the 
moles of antibody which were added to the ml reaction mixture, the ratio of 
moles of biotin/m oles of antibody were calculated.

2.7.2 Poly (ethylene) Glycol Conjugation
PEG was conjugated to antibodies using the PEG-maleimide method 

described by Pedley et a l, (1994b). 10 mM methoxypolyoxyethylene amine 
(approx molecular weight 5kD) was dissolved in 0.1 M sodium phosphate pH  
7.0, and incubated for 30 min at room temperature with a 1.2 M excess of 200 mM 
3-maleimidopropionic acid N-hydroxysuccinimide (NHS-ester) dissolved in 
dimethylformamide (DMF; Fluka). An aliquot of the reaction mixture was 
spotted onto a thin-layer chromatography plate (Camlab, Cambridge, UK.) and 
developed with ninhydrin (Fisons). The reaction was considered complete when 
no purple coloration could be detected (no free amines). The PFG-maleimide 
mixture was desalted using a PD-10 column equilibrated with dH2 0 , the 
relevant fractions pooled, lyophilised and stored in a desiccator at 4.0^0 until 
required. PFG-maleimide (25kD) was purchased from Shearwater polymers Inc. 
U.S.

The antibody to be PFGylated was dialysed into 0.1 M sodium phosphate 
/2  mM DTP A pH 8.0 and incubated with a 7 fold molar excess of 10 mM 2- 
iminothiolane hydrochloride (2IT, Pierce & Warriner) in ethanol and incubated 
for 1 h at room temperature (refer to Appendix 2 for thiolation reaction 
chemistry). The mixture was desalted using a PD-10 column equilibrated with 
the same buffer at pH 6.0 and fractions (0.5 ml) assayed for number of thiols 
(refer to Thiol assay section 2.5.4.1). PFG-maleimide was incubated with freshly 
thiolated antibody at a 5M excess over number of thiols for at least 3 h at room 
temperature. Unreacted PFG-maleimide was removed by desalting using a PD- 
10 column equilibrated with the same buffer. The final PFGylated antibody 
preparation was again assayed for number of thiols and by subtraction from the 
previous assay the number of PEG molecules per antibody was calculated. 
Previous studies have demonstrated that the loss of thiols by oxidation of a 
control incubation (no maleimide added) was negligible (Pedley et a l, 1994b).
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2.7.3 Acétylation of antibodies

2.7.3.1 Acetic anhydride
Acetic anhydride (5-250 |il of 10% solution) was added to antibody (0.5 mg 

approx in O.IM tris pH 8.0) in aliquots over a lh  period, with constant mixing at 
room temperature. The pH was re-equilibrated with IM sodium hydroxide 
following addition of acetic anhydride.

2.73.2 Sulfo-NHS-acetate
Antibodies were dialysed with 3 buffer changes into O.IM sodium  

carbonate buffer pH 7.0. 2-50 M excess of N-hydroxysulfosuccinimide-acetate 
(sulfo-NHS-acetate; Pierce & Warriner) was added to 0.5-2 mg antibody and 
incubated for 4 h at room temperature with gentle mixing. The mixture was then 
dialysed into PBS to remove unreacted reagent. The method was also carried out 
in the presence of 5 ml of CEA (1 mg) affinity absorbent, in attempt to protect the 
CDR residues from modification. Acetylated Fab bound to the column was 
eluted with 3M ammonium thiocyanate and dialysed with 3 buffer changes into 
PBS.
2.7.4 SPDP conjugation

N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP, Pierce & Warriner) 
was made to lOmM in ethanol. A 10-50M excess of SPDP was added to 0.5 mg 
antibody in PBS and incubated for 40 min at room temperature with gentle 
mixing. The mixture was then dialysed into PBS to remove free reagent.

2.7.5 Peroxidase conjugation
Horse radish peroxidase (HRP) was conjugated to antibodies for ELISA 

and immunohistochemistry using a modified version of the method described 
previously by Hudson & Hay (1980). Antibody was desalted into 0.2M sodium  
carbonate buffer pH 9.5 using a PD-10 column. 0.5 mg HRP (type iv, RZ 3.0) was 
dissolved in 1.0 ml dH 2 0  and 25 pi freshly prepared O.IM sodium periodate was 
added to activate the HRP and the mixture stirred gently for 30 min at room 
temperature. The solution was desalted using a PD-10 column into ImM sodium  
acetate buffer pH 4.4. 20 pi of the 0.2M carbonate buffer was added to the 
desalted HRP raising the pH to 9-9.5 then 0.5 mg of antibody was added and the 
solution incubated at room temperature for 2  h with gentle agitation. 1 0 0  pi 
sodium borohydride (0.5 m g/m l freshly prepared) was added and the solution 
left for 2 h at 4.0^0 to reduce free enzyme. The peroxidated antibody was 
desalted into O.IM borate buffer pH 7.4 and stored at 4.0^C.
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2.7.6 Macrocycle conjugation

The 12-N4 DOTA macrocycle group was conjugated to antibodies 
according to the method previously described by Turner et a l (1994), (refer to 
Appendix 2 for chemistry). Conjugates were prepared using buffers made from 
the highest grade reagents, Milli-Q SP distilled water and metal free containers. 
A5B7 IgG or fragments were dialysed into O.IM sodium phosphate /  2 mM DTP A 
pH 8.0 and incubated with a 5M excess of 2IT in ethanol for 30 min at room 
temperature. Unreacted reagent was removed by desalting on a PD-10 column 
equilibrated with the same buffer at pH 6.0, and an aliquot was tested as above 
for number of thiols present. A 3M excess of CT52 containing the 12N4 
macrocycle group for labelling was added to thiolated antibody and 
incubated for 2h at room temperature. After a final desalting step using a PD-10 
equilibrated with the same buffer, a thiol assay was performed and this number 
was subtracted from the original number of thiols generated to measure the 
number of macrocycle groups bound to antibody.

2.8 Genetic m anipulation o f antibodies
To avoid contamination and the presence of RNAses, sterile filter RNAse 

free Art pipette tips (Molecular Bioproducts, San Diego, US) and sterile water 
were used during all cloning procedures. Oligonucleotide primers were 
synthesised and purified using reverse phase cartridges by Genosys 
Biotechnologies Inc. (Cambridge, UK).

2.8.1 Polymerase chain reaction (PCR)
PCR reactions were carried out in microcentrifuge tubes in a final volume 

of 50 îl (unless stated otherwise) using the following: 42.5 |xl of stock PCR mix, 1 

pi DNA template, 2.5 pi forward primer, 2.5 pi reverse primer, 1.0 pi d H 2 0 ,0.5 pi 
of AmpliTaq® DNA Polymerase (Boehringer Mannheim). The vial was mixed 
and a drop of mineral oil was dispensed carefully on top of the solution, this 
prevents evaporation of the reaction mixture during the heating cycles. PCR was 
performed in a Biometra personal cycler (Whatman) using the following 
program:

1 min 94^C linearisation of DNA
1 min 50^C annealing of primers
1 min 720 c  elongation

This cycle was performed 30 times, followed by a further 8  min at 72 Oc and 
finally cooling to 40c. On completion of the PCR, samples were carefully 
withdrawn from under the oil and transferred to a fresh microcentrifuge tube. 
Samples were then analysed on a 1% Agarose g e l .
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2.8.2 Restriction enzyme digestion

Restriction enzyme test digestions were performed on a small scale (10-20 
pi), usually enzymes (Eco RI and Not I, Boehringer Mannheim) were tested 
separately and together against uncut DNA. A 10 pi digestion consisted of: 1 pi 
10 X buffer (buffer H for Eco RI and Not I), 1 pi restriction enzyme 1,1 pi 
restriction enzyme 2 (or sterile water), 1 pi plasmid DNA, made to 10 pi final 
volume with sterile water (6-7 pi). The test digestion was incubated at the 
relevant temp. (37^C for the above enzymes) for 1 -2  h.

For large scale preparative digestions the volume was increased (usually 
not greater than 50 pi) and digestion time was increased (details in chapter 6 ). 15 
min prior to the end of large scale digestions plasmid DNA was treated by 
incubation with 1 pi of alkaline phosphatase (Boehringer Mannheim) for 15 min 
at 37OC to prevent religation.

2.8.3 DNA analysis
To analyse PCR products, and restriction enzyme digestions 1% agarose 

gels containing ethidium bromide were used to separate and visualise DNA  
bands. 0.5 g agarose MP (Boehringer Mannheim) was dissolved in 50 ml TBE 
buffer, and was heated slowly in a microwave with periodic mixing, until 
boiling. 5 pi of ethidium bromide stock was added just prior to pouring into the 
Hi-Set mini horizontal electrophoresis unit (Anachem). When the gel was set 50 
ml of TBE buffer was poured over the gel and the spacers and sample comb were 
removed. 2 pi DNA loading buffer was added to samples (10 pi) which were 
carefully loaded into individual slots with 10  pi of 0  molecular weight 
standards. Gels were run at 50 mV until sufficient separation was observed.
Gels were visualised using a transilluminator UVP (Genetic Research 
Instrumentation Ltd, Dunmow, Essex, UK). For a permanent record 
photographs were taken using a DS34 polaroid direct screen instant camera 
(Genetic Research Instrumentation) and black and white polaroid film.

2.8.4 Purification of DNA

2.8.4.1 Purification of low molecular weight DNA
The MERmaid kit (Anachem) was used to purify small quantities of low  

molecular weight <200 bp DNA from solution or agarose. For purification from 
agarose the BIOGEL^^ agarose and electrophoresis buffer provided in the kit 
were used. A 3% B I O G E L TM ^^s cast and run at 100 V for 15 min. The desired 
band was visualised under long wave UV light using a Mineralight® UV lamp 
(UVP, Milton Keynes, UK) and excised from the gel using a scalpel and placed in 
a microcentrifuge tube. 3 volumes of high salt binding solution was added to the



83
DNA in agarose or solution and vortexed. The GLASSFOG vial was vortexed 
until resuspended and 5-8 pi was added per pg DNA. Vigorous mixing was 
performed continuously for 10 min. The mixture was centrifuged at 17,860 x g 
for 1 min and the supernatant was carefully removed using the TRIPLE 
CHECK^M pipette tips provided. For the agarose extracted DNA the pellet was 
washed with 2 0 0  pi high salt binding solution to remove any traces of agarose. 
300 pi ethanol wash was added and the pellet resuspended. After centrifugation 
as above the supernatant was removed. This ethanol wash was repeated, and the 
supernatant carefully removed making sure that there was no remaining ethanol 
before the elution step. Elution of DNA from the beads was performed by 
resuspending the pellet in 10 pi sterile water, incubating at 4 5 - 5 5 in a water 
bath for 5 min, centrifuging for 1 min and removing the product in the 
supernatant. This elution process was repeated and the supernatants were 
pooled.

2.S.4.2 Purification of >200 hp DNA
For purification of DNA >200 bp in length the GENECLEANII® kit 

(Anachem Ltd) was used. Band were excised as above from a 2% NuSieve GTG 
agarose gel (Flowgen, Maidstone, UK) made in 50 ml TAE buffer containing 
ethidium bromide, run at 30V. 3 volumes of Nal solution was added to the 
agarose and incubated at 45-55 to melt the agarose. 5 pi GLASSMILK solution 
was added per 5 pg DNA (approx), and vortexed for 5 min. The mixture was 
centrifuged, supernatant removed as above, and 3 washes performed using the 
NEW WASH solution. Final traces of supernatant were carefully removed before 
the elution step. DNA was eluted from the beads as described above.

2.8.5 Ligation
Vector and insert DNA were ligated using an approximate molar ratio of 

3: 2 (vector: insert) this was calculated by estimating units of activity by 
observing the brightness of bands on an agarose gel with reference to DNA  
markers. For example a 50 pi ligation contained 1 pi vector and 15 pi insert. The 
ligation mix also contained a 1/10 dilution of 10 x ligation buffer (Boehringer 
mannheim), 2-3 pi T4 DNA ligase (Boehringer Mannheim) and made to the final 
ligation volume with sterile water. The ligation mix and control samples 
containing no insert DNA were reacted for 4 h at 12^0 in the Biometra personal 
cycler.

The ligation product and control were run on a NuSieve gel and gene 
cleaned as above.
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2.8.6 Transformation

Transformation of competent TGI E. coli cells with phage DNA was 
performed by electroporation. One vial (40 |il) of electrocompetent TGI cells 
(prepared by Ms L. Robson, stored at -70^0) was placed on ice. The 
electroporator (gene puiser, BioRad) was pre-set at: voltage 2.5 kV, capacitance 
25 pFD, resistance 200 D. Cells (thawed) and 0.5-2 \i\ of cleaned ligation product, 
no insert control or plasmid DNA (1/50 dilution) were mixed and placed in a 
sterile gene puiser 0.2 cm disposable cuvette (BioRad) that had been pre-cooled 
on ice. The cuvette was placed in the electroporator and pulsed, for effective 
elecroporation time constant should be between 4- 4.5 mSec. The contents of the 
cuvette were then flushed with 0.5 ml 2TY (glu only) and transferred to an 
ependorf tube and incubated at 37^C for 20 min in an Innova 4000 incubator 
shaker at 250 rpm (New Brunswick Scientific, Hatfield, UK). The solution was 
centrifuged at 17,860 x g for 5 min, the supernatant removed and the cells 
resuspended in 100 |xl of 2TY media. Dilutions of the culture were made (1/10- 
1/10,000) and 100 |xl was plated out on 2 TY (amp/glu) agar plates and 
incubated at 37^C overnight, then plates were stored at 4^0. Dilutions were 
necessary to ensure single bacterial colonies were produced, and growth was 
compared to control plates.

2.8.7 PCR screening of colonies
PCR reactions were performed as described in the previous PCR section 

with the exception of DNA template. One bacterial colony was used in place of 
the DNA template, which was retrieved using a cocktail stick from a 2TY 
(am p/glu) agar plate growing single colonies of the transformed DNA. This is 
then added to the PCR reaction and mixed before starting the reaction. 5-6 single 
colonies were usually screened at one time as separate reactions and analysed on 
a 1% agarose gel. The same colonies were expressed and characterised by 
transferring the same series of cocktail sticks to individual ependorf tubes 
containing 2TY (amp/glu) media using the procedure described below.

2.8.8 Expression
To check that the recombinant protein was expressed efficiently colonies 

were grown in 0.5 ml 2TY (amp/glu) media at 37^0 shaking at 250 rpm, for at 
least 3 h. The cells were pelleted by centrifugation for 5 min at 17,860 x g and the 
supernatant discarded. 0.5 ml of fresh 2TY medium (am p/no glucose) 
containing ImM (final concentration) isopropyl-p-D-thiogalactopyranoside 
(IPTG, Boehringer Mannheim) was added to each tube. The cells were induced 
to express antibody on addition of IPTG which is secreted into the supernatant
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after incubation at 30 in the orbital shaker overnight. After centrifugation the 
supernatant was characterised by western blotting and ELISA.

2.8.9 Preparation of plasmid DNA
Plasmid preparations were made using the Qiagen (Dorking, UK) midi or 

maxi plasmid preparation Kit. A single colony on a 2TY(amp/ glu) agar plate 
was transferred using a 1 |il sterile loop to a 250 ml Ehrlenmayer conical flask 
with a screw top lid (Fisons, Loughborough, UK) containing 100 ml of sterile 2TY 
(am p/glu) media. For growth the colony was incubated at 37^C  overnight in the 
orbital shaker at 250 rpm. The bacterial culture was centrifuged at 2772 x g for 20 
min, and for midi preparations the pellet was resuspended in 4 ml buffer PI and 
4 ml of buffer P2. The solution was mixed gently by inversion 4-6 times and 
incubated for 5 min to allow lysis to occur. To enhance precipitation 5 ml of 
buffer P3 (stored at 4^C) was added and mixed by inverting, the mixture was 
then incubated on ice for 15 min. After the incubation step the mixture was 
centrifuged at 4^0 for 30 min at 41,700 x g. During this time a Qiagen tip 100 was 
pre-equilibrated with 4 ml of buffer QBT. The supernatant was applied to the 
Qiagen tip and allowed to flow by gravity. The tip was washed twice with 10 ml 
buffer of QC, and the DNA was eluted into a separate tube using 5 ml of buffer 
QF. The DNA was precipitated with 3.5 ml of isopropanol and centrifuged at 
21,800 X g at 4 OC for 30 min. The DNA pellet was washed with 5 ml of cold 
ethanol and recentrifuged. The supernatant was removed taking care not to 
dislodge the pellet which was then air dried. The resulting DNA pellet was 
dissolved in 100 |xl of sterile water. The plasmid DNA was then analysed on a 
1% agarose gel.

To determine the yield a 1/100 dilution was measured using a 
spectrophotometer at A 260 rim using the following guidelines that an OD of 1 
corresponds to approximately 50 |Xg/ml of double stranded DNA (Sambrook, 
Fritsch & Maniatis, 1989).

2.8.10 Sequencing
Sequencing reactions using an automatic sequencer were performed by 

The Advanced Biotechnology Centre at Charing Cross hospital. M13 primers 
(For -40 and Rev 48) or JCRevSeq complementary to regions upstream and 
downstream of the template (plasmid preparation) were used for sequencing. 
Reactions were performed using 1 |ig DNA template at 250 n g /|il  and 3.2 pMoles 
of sequencing primer.
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2.8.11 Antibody production in shake flasks

A  single colony was transferred using a 1 jil sterile loop to 50 ml 2TY 
(am p/glu) in a 250 ml Ehrlenmayer flask, mixed and grown overnight at 37^C in 
an orbital shaker at 250 rpm. 5 ml of the culture was added to each 21 flask 
containing 500 ml sterile 2TY (am p/0.1% glu) media, and incubated at 37^C 
shaking at 250 rpm. Cells were grown for approx 2.5 h to a density at which the 
A600 was equal to 0.9. The culture was then induced to express overnight at 
30^C by adding a ImM final concentration of freshly prepared IPTG. The 
induced culture was spun at 17,700 x g for 1 h at 4^0, and the supernatant 
transferred to sterile bottles. These were stored with sodium azide (0.02%) at 4^0 
prior to purification.

2.9 R adiolahelling o f antibodies
For labelled antibodies administered to patients or animals sterile 

technique, reagents and disposables were used. Protein concentrations of 
radiolabelled antibodies were calculated assuming 100% recovery from the PD- 
10  columns.

2.9.1 Radioiodination

2.9.1.1 Chloramine T
The procedure described here was based on the method described by 

Greenwood & Hunter, (1963). Typically 0.2 -1.0 mg antibody in 0.05M sodium  
phosphate pH 7.5 at concentrations >0.5 m g/m l was placed on ice in the 
iodination cabinet. 100 |xl IM sodium phosphate buffer pH 7.5 was added 
followed by the appropriate volume of sodium iodide (Na^^^I, Na^^^I, 
Amersham, Bucks, UK. or Na^^^I, Medgenix, UK.) and mixed. 100 |il chloramine 
T (2 m g/m l in 0.05 M sodium phosphate) was added and mixed for 1 min. To 
quench the reaction, 100 |il L-tyrosine (2 m g/m l in 0.05 M sodium phosphate) 
was added and mixed for 1 min. The iodinated protein was separated from free 
iodine (routinely <20%) by loading onto a PD-10 column primed with 0.5 ml 5% 
HSA (BPL, Elstree, UK.) and pre-equilibrated with 40 ml 0.05 M sodium  
phosphate buffer. Fractions were collected (1. void 2.5 ml, 2. labelled protein 3.5 
ml and 3. free iodine 3.5 ml) and counted in the dose calibrator (Capintec CRC- 
10, Southern scientific. Worthing, UK.). A small sample 50 pi approx was 
removed for analysis and the remaining iodinated antibody was 0 .2 2  pm sterile 
filtered (Gelman Sciences, Northampton, UK.) before injection.
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2.9.1.2 lodogen

The procedure described here was based on the method described by 
Fraker & Speck, (1978). lodo-gen™  (Pierce & Warriner) was dissolved in 
dichloromethane at 20 p g /m l and 500 pi aliquots were added to glass tubes and 
allowed to evaporate to dryness overnight in a fume hood or under a stream of 
nitrogen. 0.2-0.5 mg of antibody (> 0.5 m g/m l) was added to the lodo-gen™  
coated tube, followed by the appropriate volume of Na^^^I (usually 7.4-18.5MBq) 
and allowed to react for 20 min at room temperature gently mixing every 5 min. 
The radiolabelled protein was separated from free iodine (routinely <20%) using 
an HSA primed PD-10 column, fractions were collected, and a 50 pi sample was 
removed for analysis.

2.9.1.3 Thin layer chromatography
TLC was performed to measure radiolabelling efficiency. 2 pi of iodinated 

protein was spotted 1 cm from the base of a 10 cm silica backed TLC plate. The 
plate was run in 80% methanol until the solvent front was 1 cm (approx) from the 
top of the plate and the percentage incorporation assessed by counting 1 cm 
strips using a gamma counter (Wizardl470, Wallac, Milton Keynes, UK.). Free 
iodine migrates with the solvent front whereas antibody-bound iodine remains at 
the origin.

2.9.2 Yttrium labelling
Antibodies cross-linked with site specific maleimide linkers containing the 

12-N4 macrocycle and antibodies conjugated with 12-N4 by thiolation as 
described above were prepared under metal free conditions for labelling. 
Antibodies at concentrations >1 m g/m l were desalted to remove DTP A using 
PD-10 columns into 50mM MES buffer pH 6.0 immediately before radiolabelling. 
Yttrium chloride (YCI3 , Amersham) at 1850MBq/ml was added to achieve a 

specific activity of approx 74kBq/ pg and incubated for 20 min at room 
temperature. The reaction was quenched with 50 pi 10 mM DTP A for 10 min. 
Incorporation was measured using ITLC plates (Gelman Sciences) in O.IM 
sodium citrate buffer pH 5.0 as described above. Purification to remove any 
unreacted ^^Y was performed using a GF-250XL HPLC column run at 3 m l/m in  
in 0.2M sodium phosphate buffer containing 5mM DTP A.

^^Y was counted using a gamma counter throughout these studies by 
measurement of bremsstrahlung radiation . This has previously been shown to 
produce reliable results for monitoring tumour and normal tissue in mice 
(Dillehay et a l, 1994).
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2.9.3 Technetium labelling

2.9.3.1 Glucarate transfer method
The procedure described here was adapted from the ^^^Tc-D-glucarate 

transfer method described by Pak et ah, (1992). A5B7 F(ab')2  was first reduced to 
form Fab' (described previously) to expose the hinge thiol groups for 
radiolabelling. 99mxc sodium pertechnetate (1480 Mbq approx) was obtained 
from a commercial generator (Amertech II, Amersham). 1ml 99mx^ was added to 
monopotassium D-glucarate (12.5 mg), sodium bicarbonate (16.8 mg) and 0.5ml 
(100|ig) stannous chloride (0.2 m g/m l stock solution freshly prepared). The 
solution was mixed and left for 1 min at room temperature. 0.05-0.5.ml of the 
99mjc solution was added to 0.2-2.5 mg of antibody in PBS/ 1 mM EDTA. The 
mixture was incubated at room temperature for 30 min and then applied to an 
HSA primed PD-10 column to separate the radiolabelled protein from free 
pertechnetate.

The percentage 99mpc bound to the protein was analysed by TLC using 
3mm Whatman filter paper and saline as running solvent. This method routinely 
produced >50% labelled Fab' prior to the desalting step.

2.93.2 Medronate labelling
The method described here was based on the method developed by 

George et ah, (1995) for technetium labelling of scFv's. The scFv (1 mg approx at 
2  m g/m l) was reduced using 2 -mercaptoethanol at a 1 0 0 0 :1  molar ratio (0.28 pi 
per 100 pg scFv), for 1 h at room temperature. A PD-10 column was blocked 
with HSA and equilibrated with nitrogen purged PBS. The scFv was applied to 
the column to remove reducing agent and the relevant fractions collected, 
immediately aliquoted into 10 x 100 pi and stored at -70^C. One aliquot was 
retained to measure the A 280 and perform a thiol assay described above (refer to 
section 2.5.4.1).

Reagents were prepared before removing a scFv aliquot for radiolabelling. 
99mjc was obtained from a commercial generator (Amertech II, Amersham) 
made to 200 M Bq/ml and was used within a few hours of elution. 1 ml of 
labelling buffer (0.2M trisHCl/ 0.2M arginine, pH 10.0) was added to the 99mxc. 
A medronate II kit (Amerscan, Amersham) 10 ml vial containing 0.34 mg 
stannous fluoride, 5 mg medronic acid and 2 mg sodium p-aminobenzoate in a 
lyophilised form was dissolved with 4 ml saline. To approx 50 pg reduced scFv 
(100 pi), 50 pi medronate kit and 100 pi 99mxc pH 10 was added and mixed, and 
the reaction was allowed to proceed for 30 min at room temperature.

The labelling efficiency was determined by TLC. ITLC strips (1 x 10 cm, 
Gelman Sciences) and saline as the mobile phase were used to measure the
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amount of free 99m which migrates with the solvent front and radiolabelled 
antibody that remains at the origin. The amount of colloid formation was also 
determined using ITLC strips pre soaked in HSA and ammonia: ethanol: water 
(1: 2 : 5) as a mobile phase. The labelled antibody and free 99mx^ are separated 
from free colloid that remains at the origin.

2.9.3.S Glucoheptonate labelling
This is a similar method to the medronate method described above, the 

advantage of this method is that a low level of colloids are formed during this 
procedure. Work is on-going at the Royal Free hospital by Dr M. Cooper (Dept 
Medical Physics) and Mr D. Read (Clinical Oncology) in attempt to optimise this 
method for site-specific radiolabelling of scFv's.

99mxc obtained from a commercial generator was made to 200 M Bq/m l in 
saline. 1 m l was dispensed into a Glucoheptoscint® vial (x- market stock, 
DuPont, Stevenage, UK), containing sodium gluheptonate (150 mg), calcium 
gluheptonate (50 mg), stannous chloride dihydrate (1.0 mg), sodium sulphite (0.3 
mg). To a 100 pi aliquot of antibody 25 pi labelling buffer (same as above) and 
100 pi glucoheptoscint® were added and mixed. The reaction was allowed to 
proceed for 2 0  min at room temperature.

TLC analysis was performed to measure % incorporation. 3mm Whatman 
filter paper (1 x 10  cm) and acetonitrile: water (1 : 1 ) as a mobile phase were used 
to measure the amount of free 99m which migrates with the solvent front and 
radiolabelled antibody that remains at the origin. The extent of colloid formation 
was also assessed as above.

2.9.4 Assessment of antigen binding post labelling
A 1 ml CEA affinity column was prepared by coupling 1 mg CEA to 

cyanogen bromide activated sepharose 4B (Pharmacia) according to 
manufacturers instructions. The column was equilibrated with PBS/Tween, and 
100 pi of a 1/50 dilution of radiolabelled anti-CEA antibody was applied. 
Unbound antibody was washed through the column with 8  ml PBS/Tween and 
bound antibody eluted with 6  ml 3 M ammonium thiocyanate collecting 2 ml 
fractions. The unbound and bound fractions were counted using a gamma 
counter and the % bound as a proportion of total recovered counts was analysed.

2.9.5 Stability assessment of radiolabelled antibodies by gel filtration
The stability of antibodies post labelling was analysed using a 100 ml 

sephacryl S-300HR (Pharmacia) column (110 x 10 cm Econocloumn, BioRad) or a 
sephacryl S-IOOHR column (115 x 100 cm) run at 0.5 m l/m in. Alternatively, a 
Zorbax GF-250XL analytical HPLC column run at 1 m l/m in  was used. A 100-200
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|il sample was loaded and fractions were collected (1.3 ml for S-300 column, 1 ml 
fractions for HPLC) and counted for radiation in a gamma counter. Molecular 
weight markers were also applied to the column (usually 200 kD, 150 kD, 100 kD, 
60 kD, 50 kD and 29 kD). Stability in normal human serum/plasma was also 
analysed by applying a sample collected from mice injected with the 
radiolabelled antibody or by incubation of a sample of radiolabelled antibody in 
normal human serum at 37^C for 24 h. Gel filtration analysis should reveal the 
presence of aggregates or breakdown products.

2.10 Pharm acokinetics
Patient blood and urine samples were collected at various time intervals 

following administration of radiolabelled antibody for pharmacokinetic analysis. 
To assess the clearance and half-life of radiolabelled antibody in the circulation 
samples of patient's urine and whole blood (in 2 ml heparinised tubes) were 
collected at various time intervals after injection. Samples (0.5 ml) were 
dispensed in triplicate to pre-weighed tubes and re-weighed before counting for 
1311 activity in a gamma counter. All samples were counted together, followed 
by standards consisting of dilutions of the patient injectate. Results were entered 
into a spreadsheet to obtain the % of injected activity per kg and half-life 
estimates.

For serum, blood samples (approx 10 ml) were taken in clotted serum 
tubes and spun at 2772 x g for 10 min. The serum was carefully separated from 
clotted blood and dispensed into a 2 ml Nunc vial or 5 ml bijou's and stored at 
4 OC until required, or -20 for longer term storage. For plasma, blood samples 
(approx 5 ml) were taken from patients in heparinised tubes and spun as above 
to produce plasma. Plasma was removed and dispensed into tubes which were 
stored at -70^C until transported in dry ice to Celltech Therapeutics Ltd, where 
they were immediately stored at -70 until analysed.

2.10.1 Immunogenicity

2.10.1.1 Preparation of HAMA standards
Serum from previous patients given A5B7 IgG therapy, who tested 

HAMA positive by ELISA was collected and pooled. The serum was purified 
using a sepharose 4B affinity column coupled with 30 mg A5B7. The 
immunopurified standard was titrated against a previous preparation 
(Ledermann et al., (1988) to determine the working dilution range of the new  
preparation.
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2.10.1.2 Human anti-mouse antibody assay (HAMA )

Patients' sera was screened for the presence of HAMA before and at 14 
days (approx) after injection of radiolabelled antibody. Humanised A5B7 hDFM 
consists of identical CDR's to murine A5B7 IgG and a human antibody 
framework which was selected due to the similarity in sequence to murine A5B7. 
Therefore, in the absence of positive anti-hDFM sera the A5B7 standards were 
used. Microtitre plates (Maxisorp, Nunc) were coated with 100 pi of a 5 p g /m l 
solution of antibody (administered to patients) in coating buffer and incubated at 
room temperature for 1 h. The plate was blocked overnight with 250 pi blocking 
solution then washed four times using a plate washer (Wellwash, Denley, Luton, 
UK.) and washing buffer. Standards and test serum samples were prepared by 
dilution in PBS/Tween (hDFM standard dilutions 1 /5 0 ,1 /1 0 0 ,1 /2 0 0 ,1 /4 0 0 , 
1/600 ,1 /800 ,1 /1000 , and test serum dilutions 1 /50 ,1 /100 ,1 /500 ,1 /1000), and 
10 0  pi per well in duplicate was incubated at room temperature with gentle 
mixing. The plate was washed as above and incubated with 100 pi goat anti
human Fc IgM or IgG (Jacksons, Stratech Ltd, UK.) at 1/500 or 1/1000 
respectively, and incubated for 1 h. After washing the assay was detected with 
TMB substrate.

2.10.1.3 Serum immune complexes
Patients' sera was screened before and after administration 

of radiolabelled MFE-23-His for the presence of HAMA. This was performed by 
incubation of l^^I-MFE-23-His (100 pi) with test serum (0.25 ml) for 1 h at 37^C 
and measuring the level of immune complex formation by gel filtration. This 
assay has been used routinely by other authors (Davies et al., 1986; Sakahara et 
ai., 1989; Pimm et a l, 1985) to measure immunogenicity.

The test serum-antibody mixture was loaded onto a 100 ml (approx) 
sephacryl S-IOOHR (Pharmacia) column (refer to previous section 2.9.5) run at 0.5 
m l/m in  in PBS. 1.5 ml fractions were collected and counted for activity. 
Anti-MFE 23-His was used as a positive control and normal human serum as a 
negative control. The column was calibrated using molecular weight markers. 
Blue dextran (void volume), carbonic anhydrase (29 kD) and unlabelled MFE-23- 
His.

2.10.2 Stability assessment
Plasma samples taken from patients injected with radiolabelled antibody 

were analysed by HPLC. This procedure was performed by Mrs L. Skelton and 
Mr T. Kopotsha in the Dept. Clinical Assay at Celltech Therapeutics Ltd. The aim 
was to quantitate the amount of antibody as hDFM, aggregates and breakdown 
products by separation of these components using a gel filtration column on the
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basis of molecular weight. Blood samples were taken from patients at various 
time intervals in heparinised tubes and centrifuged as described above. Samples 
were stored at -ZO^C until analysed. A standard sample consisting of a 1/1000  
dilution of the patient injectate was also prepared and stored at -70^C until 
analysed.

Two gel filtration columns Zorbax GF450 and Zorbax GF250 (DuPont) 
were connected in series and equilibrated with a 0.2M sodium /potassium  
phosphate pH 7.4 containing 0.02% thimerasol mobile phase. The HPLC 
columns were calibrated with 131i_F(ab')2 and l^^I-Fab' and a mixture of gel 
filtration standards (BioRad) of 670kD, 158kD, 44kD, 17kD and 1.35kD 
approximate molecular weights.

Patient and standard samples were thawed and diluted 1:1 with mobile 
phase. The standard was diluted 1:1 with mobile phase containing 10% HSA. 
Duplicate aliquots of 50 |il diluted sample and standard were diluted 1/10 in 
mobile phase for gamma counting and the remainder of the sample was 0 .2 pm 
filtered (Anotop 10, Whatman). The mobile phase flow rate was maintained at 1 
m l/m in  and 200 pi of sample was injected. The void volume was diverted to 
waste followed by collection of 45 fractions (0.5 ml), which were counted for 1
activity using a gamma counter (Cobra II autogamma, Hewlett Packard, UK).

An internal standard for each run was calculated from the sum of the 
recovered activity (45 fractions) divided by the total counts applied to the 
column, this figure should be approximately 1 0 0 %.

The specific activity of antibody injected(cpm/pg) was calculated by:
Sum of recovered counts /% recovery from the column x 100 = A  
Antibody in the standard (pg/m l) = B 
Specific activity (cpm/pg) = A /B

Radioactivity was summed for individual peaks (ie. hDFM, aggregate and 
breakdown products) and used to calculate the concentration of antibody in 
plasma (pg/m l) associated with each peak using the following equation:
Counts for hDFM peak /% recovery from the column x 100 = C 
C X 10 = D (cpm/ml)
Antibody in plasma (pg/m l) = D/Specific activity

2.10.3 Immunoreactivity
Plasma samples collected from patients were analysed for ability to bind 

to antigen. lOOpl plasma was applied to CEA and control PBS wells in duplicate 
and incubated for lh  at room temperature on a plate shaker. The microtitre plate 
was washed 4 x PBS/Tween 20 and 4 x dH2 0 . Each well was counted for 1^11 

activity in a gamma counter.



93
2.10.4. Urine analysis

Urine samples were analysed by SDS PAGE (4-20% polyacrylamide 
gradient) under non-reducing conditions. Gels were dried and immediately 
exposed using a phosphor plate for a period of at least 1 2h. Samples were also 
western blotted and detected with rabbit anti-human Fab' (1/100) followed by 
goat anti-rabbit-HRP (1/500) using ECL substrate.

2.11 In v ivo  experiments
All animal work was supervised by Mr R. Boden, Ms J. A. Boden and Dr 

R.B. Pedley (Dept Clinical Oncology). The following licensed procedures were 
performed by R. Boden and J.A. Boden: iv injections, retro-orbital venous sinus 
bleeding and tumour passaging. Measuring of tumours, weighing of mice and 
supervision of excision of tissues was also performed by R. Boden and J.A.
Boden.

2.11.1 Colorectal tumour xenografts
A  human tumour adenocarcinoma cell line LS174T (Tom et al., 1976) was 

used to develop a xenograft tumour model in the flank of female nude TO or 
MFl mice by subcutaneous injection (* see note). Subsequent passaging was 
performed under halothane anaesthesia by continuous implantation from the 
original xenograft. All mice used were 2-3 months old with a weight of 20-25 g 
and were given water containing 0 .1 % potassium iodide during experiments in 
order to block thyroid uptake of iodine. Previous studies have shown that this 
tumour secretes low levels of CFA into the circulation (Philben et al., 1986) and 
radiolabelled A5B7 is known to routinely localise successfully to implanted 
xenograft LS174T tumours (Pedley et a l, 1991).

2.11.2 Biodistribution experiments
In vivo antibody biodistribution was carried out in nude mice bearing the 

LS174T human colon adenocarcinoma xenograft. Studies were performed 
approximately 2-3 weeks after tumour implantation with an average tumour size 
of 0.4 g. The radiolabelled anti-CEA antibody (0.1-0.2 ml) was injected 
intravenously (iv  ) via the tail vein the dose for each experiment is noted in the 
results sections. Groups of four animals (unless otherwise stated) at various time 
intervals were anaesthetised and bled by the retro-orbital venous sinus. The 
mice were immediately killed after this the tumour and various normal tissue 
samples were excised. The tissues were blotted to remove surface blood, placed 
in pre-weighed tubes and the weights recorded before digesting overnight in 2  

ml (approx) 7M KOH. A sample of injected antibody (1/10 of the administered 
dose) diluted in 2 ml KOH was counted using a gamma counter at the same time
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as the digested tissues to allow results to be expressed as a percentage of injected 
activity per gram of tissue. There was no correction for radioactive decay for 
biodistribution experiments.
*(NB. An experiment was performed to assess the difference in biodistribution of 
radiolabelled antibody in TO and MFl mouse strains. Results demonstrated <2% 
difference in normal tissue distribution, clearance and tumour uptake of 
radioconjugate in tumour bearing TO and MFl mice.)

2.11.2.1 Statistical analysis
Due to the small number of mice per group statistical analysis was 

performed, where appropriate, to compare two individual data sets in attempt to 
indicate whether they were significantly different. The non-parametric Mann- 
Whitney test was selected, and the p value of 0.05 was chosen as the critical level 
of significance.

2.11.3 Radioimmunoscintigraphy
Mice were anaesthetised with subcutaneous injection of 100 pi a 1/10  

dilution in saline of hypnodil (Janssen Animal Health, Oxford, UK), further 
injections were performed if necessary. Mice were scanned for 10 min using a 
gamma-camera (IGF Gemini) fitted with a pinhole collimator. Scanning was 
performed by Dr A. Green in the Dept, of Clinical Oncology.

2.11.4 Radioimmunotherapy experiments
Experiments were carried out when the tumours were between 0.1

0.2 cm 3 in volume and in exponential growth usually 10-14 days after 
passaging. Six mice were used per group and 6  untreated mice were used 
as a control group. Radiolabelled antibody was injected iv via the tail vein. 
Tumours were measured and the mice weighed on the day of injection and 
every 3 - 4  days until the tumour volume reached 2 cm^, when the mice 
were sacrificed.
Calculation
Tumour volume (cm^) = (Length (cm) x Width (cm) x Depth (cm) x T z )  /  n 
Standard error of the mean (s.e.m) = Standard Deviation/ V» 
where n = number of mice

2.11.4.1 White Cell Counts
For an assessment of toxicity whole white cell counts (WBC) were 

measured in 4 mice per group and in 4 untreated mice prior to injection and at 
weekly intervals until the WBC returned to normal or mice were sacrificed.
Blood from anaesthetised mice (25 pi) was diluted 1/20 in 475 pi diluting fluid
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(2 % acetic acid coloured pale violet with a few drops of crystal gentian violet).
The diluting fluid lysed the red cells leaving white cells intact with their nuclei 
stained blue/black. The cells were counted using a haemocytometer (Improved 
Neubauer, Weber Scientific, UK).
Calculation

white cells / ml blood = Average number of cells per mm^ x 10  ̂x 20

2.12 D osim etry  and clearance

2.12.1 Xenograft studies
Figures for % of injected activity per g (% ia / g) for each tissue for 

individual mice were entered into the dosimetry spreadsheet (Microsoft Excel), 
and the average median value was calculated for each time point. These values 
were then decay corrected using the decay correction equation:

A=Aoe"^^ where Ln2/t 1/2-
t = time after injection
Ao = original activity at time t
A = activity at time t after decay correction
ti /2  = half-life of 194 h for 1̂ 1% and 64 h for

The area under the % ia /g  over time (h) curve (AUC) was calculated using 
the trapezoidal rule assuming no activity in the tumour at time 0 and 40% in the 
blood at time 0. This value for blood was generated from an experiment with  
both 1311 labelled A5B7 IgG and F(ab')2  , in which blood samples were counted at 
30 seconds post injection. An average of 39% IgG and 40.7% F(ab')2  % ia /g was 
present in the blood at this early time point. This is consistent with the estimated 
total blood volume of a 20-30g mouse being in the range 2.0-2.5 ml as described 
by Durbin et a l, (1992).

To calculate total p dose to individual organs the MIRD S factor of 0.369 
for 131% and 1.93 for ^Oy (MIRD Pamphlet 11,1975) was used to convert M Bq/g  
to cG y/h. This calculation does not take into account contribution of y energy as 
most of this penetrating radiation escapes the mouse and there is virtually no 
self-absorption of y rays . Also assumes that there is uniform distribution of 
activity, and there were no cross-organ p radiation doses

2.12.2 Patient studies
Blood samples were taken at regular time intervals and the activity of 

weighed samples was measured using a gamma counter. Antibody clearance 
from the circulation was estimated by calculating the % ia /k g  for whole blood 
samples over time and fitting this data to a bi-exponential equation and 
extrapolating to time infinity:
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Ct = Co (ae "̂ 1* + be ) 

using the constraint (a + b) = 1

where Ct = % ia /kg  at time t and Cq = % ia /kg  at time 0 

X= Ln2/ti/2
The model uses the least squares system the achieve the best fit to the data. This 
bi-exponential model of blood clearance was used to calculate a  and p half-lives 
using the following equations:

a  1/2 = Ln (2)/ Pl/2 = Ln (2)/ X2

Activity in other organs was determined by gamma camera imaging by 
whole body planar and thorax and serial abdominal single photon emission 
computerised tomographic (SPECT) scans over a period of days. This was 
performed by Dr A. Green and colleagues in the Dept of Clinical Oncology. 
Tissue activity expressed as a % injected activity kg"l for tumour, liver, kidney, 
lung and heart was estimated from the SPECT images reconstructed using ICE 
filtered backprojection software, and corrected for decay, photon attenuation and 
Compton scatter (Green et al., 1990). Analysis was performed by selecting 
individual 0.88 cm^ regions of interest (ROI) taken from SPECT images (Lane et 
al., 1994). This procedure was performed by Dr M. Napier and Miss C. Johnson 
(Dept, of Clinical Oncology) with the aid of corresponding CT images. These 
values were corrected for P dose radiation (cGy) to each tissue using the S factor 
for 1 (MIRD pamphlet no 11,1975), and the MIRD absorbed dose weighting 
system (ICRP 60,1990) which corrects for cross-organ doses.

2.13 M acro and micro distribution  o f antibodies in tissue sections
Cryostat tissue sections were prepared and the procedures below were 

supervised by Mr. G. Boxer in the Dept, of Clinical Oncology.

2.13.1 Immunohistochemical characterisation of antibodies
Cryostat sections 5-7 pm thickness were prepared from frozen (stored at 

-70 ̂ C) or fresh tissue (snap frozen in iso-pentane cooled in liquid nitrogen) on a 
cryostat (Bright Instruments, Huntingdon, UK). Sections were mounted on 3- 
aminopropyl triethoxysilane (APS) coated slides, air dried and fixed in cold 
acetone for 20 min. The sections were blocked to minimise non-specific binding 
of antibodies to tissues, by applying a blocking agent usually 1 0 % normal horse 
serum (Vector Laboratories, Peterborough, UK) for 10 min. The excess was 
drained off and the sections incubated with humanised hTFM, hDFM and 
hF(ab')2  (or other test antibodies) at a concentration of 2 0 p g /m l diluted in tris 
buffered saline pH 7.6 (TBS) for 40 min. After three 5 min washes in TBS the 
second antibody 1C2 (anti-macrocycle antibody, 20 pg/m l), was added for 40
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min, then washed as above. For detection sheep anti-mouse HRP (1/75, 
Amersham) was applied to sections for 1 h.

Following 3 washes in TBS, a freshly prepared filtered solution of DAB 
substrate at 0.6 m g/m l in 0.03% H2 Q2 made in TBS was applied to the sections 
for 5 min (approx). The reaction was stopped by washing in tap water. Nuclei 
were stained with Harris' haemotoxylin stain for 30 seconds and washed in 
running tap water for 5 min. The sections were rehydrated in graded alcohol 
(70%-90% and 2 changes of 100%), cleared in inhibisol (Penetone Chemicals, UK) 
and mounted under glass cover slips with a drop of Ralmount (BDH). Reactivity 
of antibody with antigen (or cross reactivity with tissue components) was 
determined by detection of a brown granular reaction product using bright-field 
microscopy (BH2 Olympus, London, UK). Interpretation of results was made 
with reference to controls. The following test controls were routinely included: 
a) omission of primary antibody, b) substitute primary antibody with one of 
irrelevant specificity but of the same sub-class for a positive control, c) 
peroxidase visualisation step alone to assess the distribution of endogenous 
peroxidase.

2.13.2 Autoradiography
Selected tissues were removed from nude mice bearing the human 

colorectal tumour LS174T, at various time points following injection of 
radiolabelled antibody, and fixed in 10% neutral formalin for at least 24 h. All 
tissues were paraffin processed using a VIP processor (Bayer, UK), and 
embedded as paraffin blocks. 3 pM sections were cut using a Leitz base-sledge 
microtome (Javelin, Cambridge, UK) and mounted on APS slides. Sections were 
dewaxed in inhibisol and taken through graded alcohols (as above) to dH 2 0  and 
covered with autoradiographic film. In a darkroom slides were dipped for 8  

seconds in nuclear emulsion (K5, Ilford, UK), diluted 1:1 in 2% glycerol 
(preheated to 42^0) and air-dried for 1 h, then placed in a darkbox with silica gel 
overnight. Slides were then transferred to lightproof boxes with silica gel and 
exposed for 3-4 weeks at -20^C. Autoradiographs were developed in freshly 
filtered Kodak D19 developer for 2.5 min and fixed in a 1/10 dilution of Kodafix 
for 12 min. The sections were dried overnight and counterstained with Harris' 
haematoxylin.

2.13.3 Radioimmunoluminography
Cryostat sections (5 |xm) of human placenta, kidney and adenocarcinoma 

of the colon were removed from -70 ̂ C storage, air dried and fixed in 10% neutral 
formalin for 20 min. After washing in running tap water for 5 min, sections were 
incubated for 40 min with a blocking solution of 5% BSA in TBS containing 1%
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normal horse serum. l^^I-radiolabelled antibody (1 0 0  |xl) was applied to sections 
at a concentration of 43 p g /m l under a cover slip for 1 h. After incubation the 
slides were washed thoroughly in 5 changes of TBS and then air-dried. Slides 
were placed in contact with a phosphor storage plate (35 x 45 cm) exposed for 1 
h, and scanned with a helium /neon laser using a phosphorimage plate analyser. 
Automated image analysis was performed using ImageQuant software by 
selecting ROI and measuring the average counts per pixel in these areas.

2.13.4 Autoradioluminography
Selected tissues were removed from xenograft localisation experiments, 

formalin fixed for 48h, paraffin processed and3 |im  sections cut and mounted on 
APS-coated slides. After dewaxing as above sections were exposed to 
phosphorimage storage plates, the exposure time depended on the specific 
activity of radiolabelled antibody and the half life of the radionuclide. After 
exposure the plates were scanned and analysed using image analysis techniques 
as above.
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Chapter 3

PREPARATION, CHARACTERISATION AND TUMOUR TARGETING OF 
CROSS-LINKED MURINE DIVALENT AND TRIVALENT A5B7 FAB' 
FRAGMENTS.

3.1 Introduction
It has been widely documented that antibody fragments injected into 

tumour-bearing nude mice give higher tumour to normal tissue ratios than the 
parent IgG (Buchegger et a l, 1988; Pedley et aL, 1993). Removal of the Fc portion 
may also be beneficial due to the removal of binding sites for Fc receptors, thus 
lowering toxicity (Buchegger et a l, 1992). However despite these potential 
benefits of using F(ab')2 fragments, the lack of the Fc portion exposes the hinge 
region making it more susceptible to enzymatic and/or reductive breakdown.

The metabolism of F(ab')2 fragments occurs partly through cleavage of the 
disulphide bond between Fab' monomers and, in an attempt to alleviate this 
F(ab')2 fragments have been stabilised with the use of bis-maleimide linkers 
using techniques developed by Glennie et al., (1987). This simple, efficient site 
specific method enables the production of Fab' fragments joined via stable 
thioether linkage. Firstly mild reduction is used to generate homogeneous Fab' 
with reactive cysteine sulphydryl (thiol) groups at the hinge available for 
modification. The next stage involves addition of maleimide cross-linkers to 
form stable F(ab')2 -like species. In a study by Rodrigues et aL, (1993) the serum 
half life of a stabilised F(ab')2 fragment modified to contain a thioether bridge 
was increased 3-fold compared to unmodified F(ab')2 . Quadri et aL, (1993) 
described similar improvements in F(ab')2 stability using 3 different maleimide 
cross-linkers which resulted in a 2.5 fold greater tumour uptake level in tumour 
bearing mice at 48 h, compared to unmodified F(ab')2-

Chemical cross-linkers have also been designed to enable the production 
of trivalent or tetravalent Fab' fragments (Tutt et a l, 1991; Schott et aL, 1993a; 
King et a l, 1994). Divalent or multivalent fragments may be preferable to 
monovalent fragments for tumour targeting due to their higher avidity and 
longer half life. Various studies have demonstrated improved biodistribution 
properties of cross-linked antibody fragments for tumour targeting compared to 
IgG and fragments (King et a l, 1994; Schott et a l, 1993a; Quadri et a l, 1993).

Chemical cross-linkers may also be synthesised to contain macrocyclic 
chelating agents (e.g. DOTA) to allow site specific radiolabelling of radiometals 
(King et a l, 1994). Macrocyclic chelators such as DOTA have proved to be far 
more stable in vivo than derivatives of the chelating ligand DTP A (Hird et a l.



101
1991; Harrison et al., 1991); resulting in greater therapeutic ratios and lower 
toxicity to normal tissues especially bone (Hnatowich et al., 1983). The cross- 
linkers used in this study contain the 12N4 DOTA macrocycle, which allows site- 
specific attachment of the radiometal Site specific labelling has the added 
advantage that there should be no loss of antigen binding after radiolabelling.

The aim of the work described in this chapter was to produce chemically 
cross-linked divalent (DFM) and trivalent (TFM) Fab' forms of the murine anti- 
CEA antibody A5B7. To characterise and compare the functional affinity, in vivo 
stability and tumour targeting potential of DFM and TFM with that of the parent 
F(ab')2  and IgG in nude mice bearing human colorectal cancer xenografts. The 
results from this study were recently reported (Casey et a l, 1996).

It is well known that the biodistribution of antibody fragments 
radiolabelled with radioiodine is very different to those labelled with metallic 
radionuclides such as m in ,  ^^Cu, 99mpc and l^ L u  (Brown et aL, 1987; 
Sharkey et a l ., 1990; Schott et al., 1993b). Most RIT studies have been performed 
using the medium range P-emitter However, there are problems associated
with handling large doses of ^̂ Î due the high abundance of yenergy. ^^Y is a 
high energy pure P-emitter which may be an attractive alternative to ^̂ Î due to 
advantages of higher energy, shorter physical half life and ease of patient 
handling. Stable chelation of ^^Y to antibody may also increase the dose to 
tumour and reduce toxicity to normal organs especially the bone marrow. 
Therefore both 1̂ 1% and ^^Y labelled versions of A5B7 cross-linked antibody 
fragments were examined in an attempt to determine which was the optimal 
form of the antibody A5B7 for RIT with these two isotopes.
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3.2 M ateria ls & M ethods

3.2.1 Antibody production and characterisation
F(ab')2 , Fab', DFM, TFM and macrocycle conjugates were prepared 

according to the methods described in chapter 2 sections 2.5 and 2.7.6.
Antibodies were characterised to observe purity, stability and antigen binding 
using characterisation techniques described in chapter 2 sections 2.3 and 2.4.

3.2.2 Radiolabelling
IgG, F(ab')2 , DFM and TFM were radiolabelled with 1̂ 1% (chloramine T 

method) and to a specific activity of 37-74 kBq/ pg for biodistribution 
experiments. Purification, if required, and characterisation of radiolabelled 
conjugates was performed using methods described in chapter 2 section 2.4 and 
2.9.

3.2.3 Biodistribution studies
The biodistribution of antibodies was compared in tumour bearing mice 

over a 6  day period after radiolabelling with both 1 and according to the 
method in chapter 2 section 2.11.2. The following individual experiments were 
performed:
1. 1311 labelled F(ab')2  and DFM
2 . ^Oy labelled F(ab')2  and DFM
3. 1311 labelled IgG and TFM
4. 90y labelled IgG and TFM

The tissue distributions of 4 mice per group were compared at 3 ,24,48  
and 144 h time points post injection of radiolabelled antibody. For individual 
experiments similar doses approx 0.37 MBq of radiolabelled antibody were 
injected iv . For 1311 experiments 1-2 extra mice per group were injected for 
scanning at 30 h post injection. Statistical comparisons were performed using the 
Mann-Whitney U test for non-parametric statistical analysis (chapter 2 section 
2.11.2.1).

3.2.4 Radioimmunotherapy studies
RIT was performed according to the method described in chapter 2 section

2.11.4. A tenth of each label was injected into an additional 3-4 mice per group to 
assess the biodistribution of the radioconjugate at 24 h. Four mice per group 
were bled prior to and on a weekly basis after injection, and a white blood cell 
count was performed to assess toxicity.
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3.3 R esults

3.3.1 Preparation of F(ab')2

Digestion of A5B7 IgGl with bromelain produced approximately 70% 
F(ab')2 in 1 h. To monitor digestion of IgG, gel filtration HPLC analysis was 
performed at various time intervals, an example after 1 h digestion is illustrated 
in Figure 3.IB. F(ab')2 was purified by gel filtration resulting in material that was 
>90% pure as assessed by HPLC in Figure 3.1C and by SDS PAGE in Figure 3.3.

3.3.2 Preparation of DFM and TFM
Homogeneous Fab' was prepared by mild reduction of F(ab')2 using 2ME 

which exposes the hinge sulphydryl groups. Figure 3.2 illustrates the HPLC 
profile of cross-linking to form DFM and TFM. Cross-linking yields of DFM after 
a 2 h incubation period resulted in yields of approx 40-50% cross-linked dimer 
illustrated in Figure 3.2Ai. For TFM cross-linking yields of approx 25% cross- 
linked trimer were obtained (Figure 3.2Bi). Higher yields were sometimes 
observed if samples were incubated overnight, while optimisation studies have 
shown that higher cross-linking levels may be achieved on a larger scale at 
higher antibody concentrations. These yields are relatively low compared to 
those achieved previously with recombinant antibody fragments using similar 
cross-linkers, where yields of 70% (DFM) and 60% (TFM) have been observed 
(King et aL, 1994). This is probably a result of using murine A5B7 Fab' which 
contains 3 hinge cysteine residues compared to recombinant Fab' which has a 

single hinge thiol residue.
DFM and TFM were purified by preparative HPLC. Purity was examined 

by FLPLC analysis of the purified sample and by SDS PAGE. HPLC traces 
(Figure 3.2AÜ and Bii) revealed >90% purity for both DFM and TFM. A small 
sample of purified DFM was reduced and alkylated (refer to chapter 2 section 
2.5.4) which routinely revealed that ^ %  of the preparation was in the form of 
reoxidised F(ab')2, an example is shown in Figure 3.2Aiii. This confirms that the 
DFM preparation contains the stable maleimide linker between Fab fragments 
that is resistant to further reduction, and only a small proportion of re-oxidised 
F(ab')2 is present.
The purity of DFM, TFM, F(ab')2 and IgG assessed by SDS PAGE is shown in 
Figure 3.3. Results of SDS PAGE again show >90% purity agreeing with the gel 
filtration HPLC analysis.
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Figure 3.1: Gel filtration HPLC traces at A2 8 Qnm showing digestion of A5B7 IgG 
to P(ab')2 A) Undigested IgG, B) Ih digestion, and C) HPLC purified F(ab')2. 
Elution in measured in time (min), elution time of peaks is shown.
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Figure 3.2; HPLC gel filtration profile of preparation of DFM and TFM. A) i) DFM, ii) 
purified DFM, iii) Reduced and alkylated DFM. B) i) TFM and ii) HPLC purified TFM. 
Elution is measured in time (min) elution time of peaks is shown.
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Figure 3.3: SDS PAGE analysis (4-20% polyacrylamide gradient) of non-reduced 
purified murine DFM, TFM, F(ab')2 and IgG. Molecular weight markers (kD) are 
shown. Gel was stained with coomassie blue.
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3.3.3 Preparation of IgG and F(ab')2 macrocycle conjugates

Modification of IgG and F(ab')2 with 2-IT routinely produced 1-2 thiol 
groups per antibody. The CT52 macrocycle was successfully attached to the thiol 
groups available and the number of macrocycle groups conjugated per antibody 
was assessed by subtracting the number of thiol groups remaining after addition 
of macrocycle from the original number of thiol groups generated. This was 
routinely 1 macrocycle group per antibody.

3.3.4 Antigen binding analysis
Antigen binding by ELISA demonstrated full reactivity of DFM and 

F(ab')2  -macrocycle conjugate compared to that of native F(ab')2 , illustrated in 
Figure 3.4a. TFM and IgG-macrocycle also retained full activity compared with 
unmodified IgG (Figure 3.4b). The antigen binding activity of divalent and 
trivalent antibody forms was also compared directly to monovalent Fab' in a 
separate assay. To enable comparison of forms with different numbers of antigen 
binding sites results are expressed per nM binding sites. The results in Figure 
3.4c show that there is lower binding of monovalent Fab' compared to divalent 
and trivalent species. DFM binding was superior to F(ab')2 at higher 
concentrations (Figure 3.4a and c). TFM also showed a slight advantage over IgG 
in terms of improved binding at higher concentrations (Figure 3.4b and 3c). Thus 
there is evidence to suggest that with increasing valency there is an improvement 
in the efficiency of antibody binding to antigen coated wells. This was most 
evident between mono and divalent antibodies but less obvious between di and 
trivalent species. This may reflect the optimal binding to CEA coated plates by 
divalent species, with the addition of a further antigen binding arm resulting in 
little benefit in the efficiency of each binding site.



108

0.4 1

Sc
I  0 .3-
0 u
§•s
1  0.2-  
<

Fab2
Fab2-Macrocycle
DFM

0.1
10 100 10001 1

Binding sites (nM)

B
0.5 1

C 0.4- 
o

<u
§ 0.3-•sO«3rn

^  0.2 -

IgG
IgG-Macrocycle
TFM

0.1
10 100 10001 1

Binding sites (nM)



109

0.6 n

0.5-

I
g  0.4-Tf
0>u
C 0.3-

S 0 .2 -
Xi<

Fab2
DFM
Fab
TFM
IgG

0.0
1 1 10 100 1000

Binding sites (nM)

Figure 3.4: Antigen binding analysis by ELISA of native, conjugated and cross-linked 
antibodies a) F(ab')2 conjugated to macrocycle, DFM and native F(ab')2, b) IgG 
conjugated to macrocycle, TFM and native IgG and c) F(ab')2, DFM, Fab', TFM and 
IgG. Concentrations of antibody have been converted to nM binding sites to compare 
antibody species with differing valency and molecular weight. This assay was repeated 
to ensure results were reproducible.

3.3.5 Kinetic analysis
Antigen binding kinetics were measured by surface plasmon resonance 

using a BIAcore^ 2000 instrument (Pharmacia Biosensor). The amount of CEA 
coupled to the sensorchip was first optimised in preliminary experiments using 
either PDEA surface thiol or aldehyde immobilisation. The optimal antigen 
binding density for kinetic analysis was determined at which the antibody- 
antigen interaction was minimal for mass transport (768 RU for aldehyde 
coupling and 2544 RU for surface thiol immobilisation of CEA). The BIAcore 
system generates binding sensorgrams, and an example is shown in Figure 3.5, 
illustrating the association and dissociation kinetics of antibody binding.

A comparison of association and dissociation rate constants (kass and 
kdiss) for the antibodies was studied using both immobilised CEA surfaces, and 
is illustrated in Figure 3.6. The analysis using serial dilutions of antibody 
(333.4nM, 166.7nM, 83.4nM, 41.7nM) was performed twice using the aldehyde 
chip (on different days), and once using the thiol chip. The average (mean) 
values for kass/ ^diss and affinity constants ko from each individual analysis 
have been evaluated for each antibody form and results are shown in Table 3.1
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and in Figure 3.6. To compare forms of antibody with different numbers of 
binding sites the values have been converted to nM binding sites for each entity.

Monovalent Fab' was included in the evaluation and showed a 
considerably faster off-rate (kdiss 14.3 x 10"̂  mean) which was significantly 
faster than for the multivalent species (p<0.05). This was presumably due to the 
lower avidity of a single binding site compared to the divalent or trivalent 
antibody forms. The on-rates were significantly superior for DFM (kass 16 x 1Q4 
mean value, p<0.05) and TFM (kass lO.Ox 1Q4 mean value, p<0.05) when 
compared with the other divalent species F(ab')2 (kass 6.3 x 1Q4 mean value), IgG 
(kass 4.4 X 1Q4 mean value). Surprisingly DFM also had a faster on-rate than TFM 
but this was not significant. This could be because 3 binding sites may not be 
available at any one time for binding. However, there was little difference in off- 
rate between the divalent and trivalent antibodies, especially for DFM (kdiss 3.5 x 
10"'5), TFM (kdiss 3.0 x 10"3) and IgG (kdiss 3.2 x 10"̂ ). Overall, TFM had the ' 
slowest off-rate, which may be a function of the higher avidity but, this was not 
significant using this method. The off-rate for F(ab')2 was slightly faster (kdiss 5.4 
X 10" )̂ than the above species but three times slower than monovalent Fab'.

The dissociation rate constants measured were close to the lower limit of 
detection possible with the BIAcore system, which may explain why values were 
very similar for di- and trivalent species. The results obtained with the CEA 
immobilised via surface thiol chemistry showed faster on-rates and slower off- 
rates than for aldehyde immobilisation chemistry for each antibody form. This 
probably reflects the fact that the antigen density was significantly higher for the 
thiol immobilised surface allowing more rebinding events to occur during the 
dissociation phase than with the alternative surface.
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Figure 3.5: BIAcore sensorgram showing an example of association and
dissociation kinetics of A5B7 IgG binding to CEA antigen. The shape of the 
association curve is non-linear characteristic of non-mass transport limited conditions. 
Kinetic association and dissociation binding over time in seconds (S) is measured as 
response units (RU).
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k a s s  
(1  X E 4  M s ' l )

k d i s s
( l x E - 5 s - l )

kD
(M)

Fab' 5 .4 (+ /-1 .4 ) 1 4 .3  (+/- 2.3) 2 . 7 x 1 0 - 9

F(ab')2 6 .3 ( + / -1 .0 ) 5 .4  ( + / -  0.8) 8 .6  X 10-10

DFM 1 6 .0 (+ /-2 .3 ) 3 .5  (+ / -1 .1 ) 2 .2  X 10-10

TFM 1 0 .0 (+ / -2 .0 ) 3 .0  (+ /-1.5) 3 .0  X 10-10

IgG 4 .4 ( + / - 1 .0 ) 3 .2  (+ /-1.3) 7 .3  X 10-10

Table 3.1: Association rate (kass)» dissociation rate (kdiss) and affinity constants (ko) for 
murine A5B7 IgG and fragments, evaluated by BIAcore analysis from the mean values 
for both aldehyde coupling and surface thiol chemistry. Where k^ is equivalent to kdiss 
/kass- Standard deviations are shown in brackets.
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Figure 3.6. BIAcore kinetic parameters for antibodies determined by binding to CEA 
immobilised by either aldehyde coupling or surface thiol chemistry. Values are corrected 
for number of binding sites and molecular weight and presented as association and 
dissociation constants. The columns are mean values of analysis using both coupling 
methods. Standard deviations are shown as bars.
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3.3.6 Radiolabelling and analysis of radiolabelled conjugates

Antibodies were successfully radiolabelled with both and 
Macrocycle conjugates and cross-linked antibodies were stable over long periods 
(>6 months) stored at 4^0 in the presence of DTP A, and generally retained the 
ability to label. A small amount of aggregate (approximately 5%) was 
usually formed during macrocycle conjugation of antibodies. This was removed 
after labelling by HPLC together with any free and an example is shown in 
Figure 3.7. The efficiency of radiolabelling was analysed by TLC and routinely 
produced >85% incorporation for 1 labelled antibodies, whereas for ^Oy 
labelling the incorporation (50-97%) was dependent on the level of metal or 
DTP A contamination which varied between batches. TLC was performed after 
desalting or purification to ensure there was efficient removal of free 
radionuclide before administration to animals, results are shown in Table 3.2. 
Radiolabelled conjugates were also analysed to measure antigen binding post 
labelling by applying a small sample of radiolabelled antibody to a CEA affinity 
column; results were expressed as percentage binding and are shown in Table 
3.2. SDS PAGE autoradiography as illustrated in Figure 3.8, revealed that 
antibodies remained intact after radiolabelling.

TLC
(%) Incorporation

CEA column 
(% bound)

131 MgC 96 95
131l-F(ab')2 99 89
1311-DFM 98 95
1311-TFM 97 92
90y-IgC 95 92
90y-F(ab')2 93 96
90y-DFM 91 90
90y-TFM 96 90
131l-Control 96 <2.0
^^Y-Control 90 <1.0

Table 3.2 : TLC analysis measuring % incorporation of radiolabel to antibody and CEA 
binding of the above purified or desalted radiolabelled antibodies. A non-CEA antibody 
has been radiolabelled and analysed as a control.
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Figure 3.7: HPLC profile of ^^Y-labelled IgG. Protein elution was measured by a 
UV detector at A2gonm (blue aace) and radioactivity elution was also monitored (red 
trace). ^^Y-IgG in peak 2 was purified from a small amount of aggregate (peak 1) 
and DTP A (peak 3). Radioacitivity of peaks 1,2 and 3 were measuerd as a % of 
total activity.



116

A. 1311 B. 90Y

-200

-116

- 94

-  66 
-55

-200

-116

-9 4

< : - 
-55

C . 1311 D. 90y

_  -200 a#% 0000
-200

#' -116 -116
p.. %' ^ - 94 -94

-,
; . - 66 - 66

-55 -55

Figure 3.8: SDS PAGE autoradiographic analysis under non-reducing conditions of 
a) J31I-DFM and F(ab')2 , b) ^Oy-DFM and F(ab')2, c) and TFM, d) ^Oy-IgG
and TFM. Molecular weight markers (kD) are shown.
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The stability of antibodies post labelling was also assessed by incubation 

in norm al hum an serum  for > 24h at 3 7 and analysed by gel filtration. 
Antibodies rem ained intact and non-aggregated as illustrated in the gel filtration 
profiles in Figure 3.9.
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Figure 3.9: Gel filtration profile of radiolabelled antibodies incubated in human serum 
for 24h at 37®C. i) DFM (black) and F(ab')2 (grey) labelled with h) DFM (black) 
and F(ab')2 (grey) labelled with 90y, hi) TFM (black) and IgG (grey) labelled with 3̂1% 
and iv) TFM (black) and IgG (grey) labelled with Molecular weight markers are 
shown with an arrow (kD). CPM is a measure of radioactivity in counts per minute.
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3.3.7. Biodistribution ofF(ah')2 and DFM

The biodistribution of A5B7 F(ab')2 and DFM labelled with (Figure 
3.10 i and ii) proved to be very similar (p>0.05), suggesting there was no 
significant difference in the stability of these fragments in vivo. Rapid clearance 
from the blood and normal tissues by 24 h produced the high therapeutic 
tumour: blood ratios illustrated in Table 3.3 (38:1 I-F(ab')2; 26:1 I-DFM,
p>0.05), which were retained over the 6 day period.

Labelling with dramatically altered the biodistribution (Figure 3.10 iii 
and iv) leading to very high accumulation in the kidney for both fragments 
(p>0.05) at early time points and throughout the 6 days and producing a very 
different clearance pattern to the iodinated fragments. Flowever, the levels of 
activity in the kidney decreased over time, suggesting clearance through this 
organ and the high activity was not due to non-specific binding. High splenic 
uptake was also observed which accumulated over time, especially for DFM 
which had a significantly higher uptake level at 144 h (F(ab')2 8.5%; DFM 20%, 
p<0.05). This increase in splenic activity could be due to binding of immune 
complexes to the RES. Despite unfavourable uptake in the kidney and spleen, 
tumour uptake levels were comparable to the iodinated fragments (48 h: ^^Y- 
DFM 10%,131l-DFM6%,p>0.05).

3h 24h 48 h 144 h

F(ab')2 - 1311 0.8 38 50 71

DFM - H li 1.0 26 43 61

F(ab')2-90Y 0.9 23 22 5.0

DFM - 90y 0.9 40 27 7.0

IgG-1311 0.3 2.0 4.3 23

TFM - Hlj 0.5 6.0 12 44

IgG-90Y 0.4 4.0 5.8 17

TFM-90 Y 0.4 15 15 14

Table 3.3 Tumour to blood ratios of % injected activity at various time intervals after 
injection of radiolabelled antibody. Data is expressed as a mean of 4 mice.
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Figure 3.10: Biodistribution of i) 13li-F(ab’)2, ii) ^^li-DFM, iii) 90y-F(ab')2 and iv) 90y- 
DFM in nude mice bearing LS174T human tumour xenografts. Time points at 3h (1st 
column), 24h (2nd column), 48h (3rd column) and 144h (4th column) post iv injection. 
Results are expressed as % of injected activity per gram of tissue, columns are a mean of 
4 mice and bars represent standard deviations.
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3.3.8 Biodistribution of IgG and TFM

The blood clearance of TFM, despite its similar size (150kD), was 
significantly faster than IgG (at 24 h : P<0.05) labelled with both 1 and as 
illustrated in Figure 3.11. This resulted in superior tumour: blood ratios shown 
in Table 3.3, e.g at 24 h: (IgG 2:1, TFM 6:1, p<0.05); 90y (IgG 4:1, TFM 15:
1, p<0.05), which are ideal for RIT. The levels of activity accumulated at the 
tumour were increased by labelling with (Figure 3.11 iii and iv); this 
persisted over time and was most apparent at later time points e.g. at 48 h: l^^I 
(IgG 15%, TFM 10% ); (IgG 25%, TFM 17% ), but due to wide variation this 
was not statistically significant. This may be due to higher retention of yttrium 
labelled conjugates in cells compared to iodinated conjugates. The levels of 
radiolabel in the tumour for IgG and TFM were also significantly greater than for 
F(ab')2 and DFM fragments probably as a result of slower clearance from the 
circulation (p<0.05 at 24h, for 1 and ^^Y).

In contrast to ^^Y labelled DFM and F(ab')2, kidney uptake levels of both 
90y_igG and ^^Y-TFM were relatively low. However, referring to the 144 h time 
point it does appear that a significantly greater proportion of ^^Y-TFM clears 
through the kidney than ^^Y-IgG (TFM 9%, IgG 3.4%, p<0.05), and this is also 
reflected by the significantly higher values in the liver for ^^Y-IgG at this time 
point (TFM 4.4%, IgG 12.8%, p<0.05). Again the levels of activity in the kidney 
decrease over time, which is consistent with antibody clearance through this 
organ.

Higher splenic (p<0.05) and femur uptake (p>0.05) was observed for ^Oy_ 
TFM compared to ^^Y-IgG which may indicate non-specific uptake by the RES. 
Although there are significantly higher levels of splenic activity for TFM 
compared to IgG this activity begins to decrease after 48 h and the highest uptake 
levels are in line with clearance from other normal tissues such as liver, lung and 
kidney.
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Figure 3.11: Biodistribution of i) l^lj-igG, ii) 131i_tfm, iii) ^Oy-IgG and iv) 90y-TFM 
in nude mice bearing LS174T human tumour xenografts. Time points at 3h (1st column), 
24h (2nd column), 48h (3rd column) and 144h (4th column) post iv injection. Results are 
expressed as % of injected activity per gram of tissue, columns are a mean of 4 mice and 
bars represent standard deviations.
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3.3.9 Radioimmunoscintigraphy

Mice injected with l^^I-labelled antibodies were scanned at 30h post 
injection. In Figure 3.12 more background activity is seen for IgG compared to 
TFM, where activity is localised in the tumour on the flank of the mouse. This 
suggests that there is more l^^I-IgG (mouse 1) remaining in the circulation 
compared to l^lJ-TFM (mouse 2 & 3), which is consistent with the biodistribution 
data in which the majority of the l^lJ-TFM has cleared from the blood by 24 h.

The scans show similar images for DFM (mouse 4 & 5) and F(ab')2 (mouse 
6 & 7), in Figure 3.13. Radiolabelled antibody fragments have cleared from the 
circulation and remain in the tumour on the flank of the mouse, this is also 
reflected in the biodistribution data.
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A
Figure 3.12: Radioimmunoscintigraphy of ^^li-iabeiled IgG (1) and P(ab')2 (2&3) 
in nude mice bearing human colorectal tumour xenografts (on the flank). Scans were 
performed at 30 h post injection of radioconjugate. Tlie intensity of colour represents 
the level of radioactivity, where yellow colour is the highest amount of activity.
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Figure 3.13: Radioimmunoscintigraphy of l^li-iabelled DFM (4&5) and F(ab')2  
(6&7) in nude mice bearing human colorectal tumour xenografts (on the flank). 
Scans were performed at 30 h post injection of radioconjugate. The intensity of 
colour represents the level of radioactivity, where yellow colour is the highest amount 
of activity.
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3.3.10 Dosimetry

The estimated total doses of p-radiation (per MBq injected) to the blood, 
tumour and normal tissues were evaluated for each antibody-radiolabel 
conjugate from the biodistribution data in Figures 3.10 and 3.11 using the method 
described in chapter 2 section 2.12.1.

3.3.10.1 F(ab')2 andDFM
The radiation doses and tumour to blood ratios of F(ab')2 and DFM (Table 

3.4) were very similar when both were radiolabelled with either or 
However, tissue doses per MBq administered from ^Oy-labelled antibody 
fragments were at least 10-fold higher than those delivered by l^^I-labelled 
antibody fragments. This is partly due to the higher energy and greater path 
length of the pure p-emitter while is also known to be retained within 
cells for longer than 1, (Press et al, 1996).

A notable difference between the radionuclides is the high dose to the 
kidney on radiolabelling with ^Oy (1065-1084 cGy), which is 100 times greater 
than for 1 labelled F(ab')2 and DFM (9.73-10.8 cGy). It is evident that a large 
proportion of antibody clears through the kidney and the toxicity to this organ 
would severely limit the dose of ^Oy that could be administered for therapy.

The dosimetry calculations also revealed higher absorbed doses for spleen 
(DFM: 643 cGy, F(ab')2 : 327 cGy) and liver (DFM: 387 cGy, F(ab')2* 236 cGy) on 
administration of ^^Y-DFM compared to 90y_p(ab')2 - There may be higher non
specific uptake of ^^Y-DFM by the RES which could account for the increase in 
overall dose to these organs.
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Tissue 131l-F(ab')2 1311-DFM 90y-F(ab')2 90y-DFM

Blood 23.0 20.0 114 91.6
Liver 6.22 4.59 236 387
Kidney 10.8 9.73 1084 1065
Lung 10.0 9.19 99.2 122
Spleen 6.76 6.76 327 643
Colon 3.24 2.97 77.3 85.4
Muscle 2.70 2.97 34.1 32.7
Femur - - 113 145
Tumour 61.4 60.5 389 360

Tumour/
Blood ratio 2.67 3.03 3.41 3.93

Table 3.4 : Estimated tissue doses of p-radiation (cGy) per MBq injected activity
calculated from the total area under the curve (AUC) using the trapezoidal rule from the 
biodistribution data in Figure 3.11. Figures were corrected for radioactive decay.

3.3.10.2 IgG and TFM
Radiation doses to blood, tumour and all normal organs were lower on 

administration of l^^I-TFM compared to ^^^I-IgG. This reflects the faster 
clearance of TFM from the circulation and normal tissues possibly due to the lack 
of the Fc portion. However, this was not observed with ^^Y-TFM; although 
blood and tumour levels were lower, doses to normal tissues were similar and 
sometimes greater than for ^^Y-IgG. This suggests that is retained in cells 
for longer than 1, which contributes largely to the toxicity.

The faster blood clearance of TFM compared to IgG is reflected here in the 
overall blood doses and tumour to blood ratios (Table 3.5). The bone marrow has 
been identified as the dose limiting organ in RIT. The clearance rate of 
radioactivity in the blood has been suggested as a means of predicting bone 
marrow toxicity (Siegal et ah, 1990), because dose to the marrow equals 0.2-0.4 
times that of the blood. Therefore since the blood received approximately half 
the cumulative dose on administration of l^^l-TFM or ^^Y-TFM compared to 
IgG conjugates, this will result in a favourable 2-fold decrease in toxicity to the 
bone marrow.

Normal tissue toxicity for both iodine labelled IgG and TFM was low and 
the largest normal tissue dose excluding blood (bone marrow) was to the lungs. 
Histological studies have demonstrated that A5B7 IgG shows some cross-
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reactivity with lung tissue (Boxer et ah, 1995), which is possibly due to the 
presence of low normal levels of CEA produced in the lungs.

The largest normal tissue doses for ^^Y-IgG were to the liver and spleen 
and for ^^Y-TFM the liver, kidney and spleen. The absorbed dose to the kidney 
was doubled for ^Oy-TFM compared to ^^Y-IgG, but was 4-fold lower than for 
the smaller ^Oy-labelled fragments. It is likely that a proportion of ^^Y-TFM or 
fragments of ^Oy-XFM are filtered by the kidney and cleared via this route, which 
may explain this increase in dose. Also, the liver dose for ^^Y-TFM was lower 
than for ^^Y-IgG which clears largely via the liver. A higher spleen dose was 
generated on administration of ^Oy_XFM compared to ^Oy_igG, and this may be 
due to increased recognition by the RFS. Absorbed dose to the bone was also 
higher for ^^Y-TFM but this level was similar to the absorbed dose by other 
normal organs such as lung.

Tissue 131l-lgG 1311-TFM 90y-IgG 90y-TFM

Blood 90.3 44.9 322 175
Liver 25.1 12.4 470 349
Kidney 20.8 13.8 152 316
Lung 43.2 19.2 180 155
Spleen 24.1 15.4 227 360
Colon 8.65 6.77 74.3 85.4
Muscle 7.84 5.68 41.6 53.5
Femur - - 91.9 151
Tumour 172 I l l 951 627

Tumour/
blood ratio 1.90 2.48 2.95 3.58

Table 3.5 : Estimated tissue doses of (3-radiation (cGy) calculated per MBq injected
from the area under the curve (AUC) using the trapezoidal rule from the biodistribution 
data in Figure 3.12. Figures were corrected for radioactive decay.
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3.3.10.3 F(ab')2, DFM, IgG and TFM

Radiation dose estimates provided in Table 3.4 and 3.5 were normalised to 
an equal dose (100 cGy) to the blood in Table 3.6. Since the levels of radioactivity 
in the blood has been suggested as a means of predicting bone marrow toxicity 
(Siegel et al., 1990) this Table, based on an equal blood dose, should reflect the 
estimated tumour dose and normal tissue toxicity at equal myelotoxic levels.

Tissue

1311

F(ab')2

1311

DFM

1311

IgG

1311

TFM

90y

F(ab’)2

90y

DFM

90y

IgG

90y

TFM

Blood 100 100 100 100 100 100 100 100

Liver 27.0 23.0 27.8 27.6 207 422 146 199

Kidney 47.0 48.7 23.0 30.7 951 1163 47.2 181

Lung 43.5 46.0 47.8 42.8 87.0 133 55.9 88.6

Spleen 29.4 33.8 26.7 34.3 287 702 70.5 206

Colon 14.1 14.9 9.60 15.1 67.8 93.2 23.1 48.8

Muscle 11.7 14.9 8.68 12.7 29.9 35.7 12.9 30.6

Tumour 267 303 191 247 341 393 295 358

TEDNT 173 181 144 163 1630 2549 356 754

Ratio 1.54 1.67 1.33 1.52 0.21 0.15 0.83 0.47

Table 3.6: Radiation dose estimates to organs in nude mice given or ^Oy labelled 
A5B7 F(ab')2, DFM, IgG or TFM (Tables 3.4 and 3.5) normalised to a 100 cGy blood 
dose. TEDNT refers to total estimated dose to normal tissues which is the sum of the 
dose estimates for liver, kidney, lung, spleen, colon and muscle. NB. Femur has not been 
included. Ratio refers to tumour to normal tissue (TEDNT) ratio.
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3.3.10.3.1 labelled antibodies

Referring to the total estimated toxicity doses to normal tissues (TEDNT) 
in Table 3.6, clearly the extremely high levels for ^0Y-F(ab')2 and ^Oy-DFM 
should exclude these combinations from further consideration for RIT. This 
limits the choice to either IgG or TFM labelled with For equitoxic levels to 
the blood a slightly higher tumour dose was estimated for ^^Y-TFM, but the dose 
to normal tissues was 2.1 times higher than that of ^^Y-IgG. TFDNT for ^^Y-TFM 
was 2.1 times greater than the estimated dose to the tumour, whereas TFDNT 
was only 1.2 times greater than the tumour dose for ^Oy_igG. This suggests that 
for a given blood dose ^Oy_igQ would be less toxic than ^^Y-TFM. Thus a higher 
therapeutic tumour: normal tissue ratio was achieved for IgG, suggesting that 
RIT with the isotope ^^Y would be most effective by conjugation to IgG.

3.3.10.3.2 ^^^I-labelled antibodies
All combinations of antibodies labelled with l^^I corrected for equitoxic 

blood levels produced similar TFDNT (range 144-281 cGy) and tumour doses 
(range 191-303). The highest tumour: normal tissue ratios were achieved for the 
smaller sized fragments DFM and F(ab')2 suggesting favourable therapeutic 
advantage over TFM and IgG. The highest tumour dose and tumour: normal 
tissue ratio overall was for DFM, implying that RIT with the isotope 1 would 
be most effective by conjugation to DFM.

3.3.11 Radioimmunotherapy
To assess the therapeutic potential of DFM and TFM, RIT experiments in 

the nude mouse xenograft model were designed. The estimated dosimetry 
calculations (Table 3.4 & 3.5) were used to predict the total activity of 
radiolabelled antibodies that should be administered for RIT:

1. The dosimetry calculations revealed that for the same administered activity 
(MBq), the blood and tumour dose of I-TFM was approximately double that 
of l^lf-DFM. It was therefore estimated that similar therapy and toxicity would  
be achieved by administering twice the amount of activity of I-DFM 
compared to l^^I-TFM. The amount of activity to be administered for RIT 
studies was calculated with reference to therapeutic levels administered in 
previous RIT studies with A5B7 l^^I-IgG and f^^I-F(ab')2 . RIT experiments 
demonstrated identical therapeutic response by administration of 18.5 MBq 1311- 
IgG and 37 MBq F(ab')2 (Pedley et al., 1993). A RIT experiment was designed to 
study the therapeutic effects and toxicity of administering 18.5 MBq 131i_XFM 
and 37 MBq 131i_dFM.
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2. The blood radiation dose was doubled on administration of the same activity 
(MBq) of ^^Y-IgG compared to ^^Y-TFM. Assuming the same principle that 
toxicity is related to total blood dose which in turn reflects absorbed marrow 
dose, it was predicted that twice the amount of activity of TFM compared to IgG 
could be administered for the same level of toxicity. Although the total tumour 
dose per MBq injected activity of ^^Y-TFM (627 cGy) was lower than that of ^^Y- 
IgG (951 cGy), by doubling the administered activity of TFM it may be possible 
that an increase in tumour dose could be achieved. An RIT study was designed 
with reference to dosimetry evaluations and previous therapeutic levels of 
activity administered for ^Oy-IgG (P. Antoniw-personal communication). The 
purpose was to study the therapeutic effects of administering 11.1 MBq ^^Y-TFM 
and 5.6 MBq 90y-IgG.

3.3.11.1 RIT of l^^IlahelledDFMandTFM
DFM was labelled with ^̂ Î to a specific activity of 0.37 MBq/ pg and TFM 

to 0.26 M Bq/pg. TLC after desalting revealed 90% incorporation of 1 for TFM 
and 95% incorporation for DFM. Antigen binding analysis post labelling 
resulted in retention of 75% binding of l^^I-TFM and 86% of l^^I-DFM. For RIT 
18.5 MBq l^ll-TFM and 37 MBq l^^I-DFM was injected into 6 mice per group. 
Biodistribution at 24 h in Figure 3.14 demonstrated efficient tumour localisation 
of both DFM and TFM.
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Figure 3.14: Biodistribution of a tenth of the administered activity for therapy of 
DFM and *3^I-TFM 24 h after injection to nude mice bearing LS174T human colorectal 
tumour xenografts. Results are expressed as % of injected activity per gram of tissue, 
columns are a mean of 4 mice and bars represent standard deviations.

Figure 3.15 shows the m ean tum our grow th following adm inistration of 
therapeutic levels of I-DFM and f 311-TFM com pared to a no treatm ent control 
group. Both DFM and TFM produced a significant therapeutic effect w hen 
com pared w ith the control group (p<0.05). Tum our grow th was delayed for 
approxim ately 25 days for both conjugates, and there was no significant 
difference betw een the two therapy groups (p>0.05).

Toxicity was assessed by m easurem ent of w hite blood cell count (WBC) at 
weekly intervals until the WBC returned to norm al levels (Figure 3.16). Little 
toxicity was produced by either DFM or TFM (p>0.05) and for 2 /4  mice from 
each group the WBC was unaffected after treatment. The rem aining 2 /4  mice 
treated w ith 131 l-DFM and 131 l-TFM showed similar toxicity, w ith a m axim um  
fall in WBC of <30% up to 14 days post therapy. After 21 days the WBC returned 
to norm al for both TFM and DFM (i.e. equivalent or greater than the original p re 
therapy figure). Control mice also experienced a decrease in WBC w hen tum ours 
w ere approaching 2cm3.
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Figure 3.15: Effect of treatment regimes on the growth of LS174T tumours on treatment 
with a) b) ^^^I-TFM and c) no treatment control group. Vertical bars indicate
s.e.m, points are a mean of six mice.
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3.3.11.2 RIT of 90y labelled IgG and TFM

IgG was labelled to a specific activity of 0.09 MBq/pg and TFM to 0.15 
MBq/|ig. TLC revealed 78% incorporation of 90y for IgG and 56% for TFM prior 
to purification. Free was removed by HPLC purification as described earlier. 
Antigen binding analysis post labelling resulted in 71% binding of IgG and 86% 
for TFM to a CEA affinity column. For RIT 11.1 MBq ^Oy-TFM and 5.6 MBq 90y- 
IgG was injected into 6 mice per group. Biodistribution at 24 h in Figure 3.17 
demonstrated efficient tumour localisation of both IgG and TFM.
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Figure 3.17 : Biodistribution of a tenth of the dose administered for therapy of ^^Y-IgG 
and 9^Y-TFM 24 h after injection to nude mice bearing LS174T human tumour 
xenografts. Results are expressed as % of injected activity per gram of tissue, columns 
are a mean of 4 mice and bars represent standard deviations.
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Figure 3.18 illustrates the relative growth delay of ^^Y-IgG and ^OY-TFM 
compared to a no treatment control group. Both IgG and TFM produced a 
significant therapeutic effect when compared with the control group (p<0.05). 
Tumour growth was delayed for approximately 17 days for TFM and 31 days for 
IgG. The therapeutic response of ^^Y-TFM was not as effective as ^^Y-IgG 
despite administration of double the amount of activity. Toxicity, assessed by 
WBC (Figure 3.19), was observed for all mice except the control group and lasted 
up to 21 days. The overall toxicity was greatest for IgG, resulting in a fall of 
WBC in all 4 mice at 14 days to <40% (range 5-40%) of the pre-therapy WBC. For 
TFM the greatest fall in WBC was observed 7 days post injection to <30% (range 
20-30%). By 14 days recovery of WBC resulted in a return to <70% (range 28- 
70%) of the original value. At 21 days post injection there was almost complete 
recovery of WBC, with the exception of 2 /4  mice treated with ^^Y-TFM which 
had WBC of 56% and 64% of the original values. This slower return to normal 
WBC levels is most likely due to the higher dose administered, but there was no 
significant difference in WBC toxicity between IgC and TFM levels at each time 
point (p>0.05).
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Figure 3.18: Effect of treatment regimes on the growth of LS174T tumours on treatment 
with a) 90Y-IgG, b) Ôy -TFM and c) no treatment control group. Vertical bars indicate 
s.e.m, points are a mean of six mice.
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3.4 Discussion

Chemically cross-linked divalent and trivalent versions of the murine 
antibody A5B7 have been successfully synthesised using bismaleimide cross- 
linkers first described by Glennie et a l, (1987) and Tutt et a l,  (1991). 
Characterisation studies revealed that homogeneous preparations of DFM and 
TFM can be produced with high stability. In particular an in vitro stability test in 
human serum at 37^C demonstrated that these constructs have a similar stability 
to the parent IgG and F(ab')2-

A detailed study of antigen binding was performed by surface plasmon 
resonance to assess the potential advantages of increasing valency on kinetic 
binding parameters ie. on-rate and off-rate. These are important parameters that 
should be considered in the selection of new antibody forms for clinical 
applications. A fast on-rate and slow off-rate would be most desirable for 
optimal tumour targeting.

The increase in valency and therefore avidity of divalent fragments 
resulted in a significantly slower dissociation rate than for monovalent Fab'. 
However, although TFM had the slowest off-rate there was no significant 
improvement over the divalent constructs, using this form of analysis. This may 
be a consequence of rebinding events to surface antigen during the dissociation 
phase, coupled with the fact that it is difficult to measure differences in 
dissociation rate close to the lower limit of detection possible with the BIAcore 
system. Slower off-rates of TFM compared to native IgG were recently reported 
for a recombinant chimeric version of cB72.3 by continuous washing of antibody 
from antigen coated plates (King et a l, 1994). However in this study the binding 
of cB72.3 TFM to antigen was significantly greater than binding of cIgG in a 
similar direct binding assay (Figure 3.4), whereas there was only a slight increase 
in binding of A5B7 TFM compared to IgG. It is therefore likely from the 
experimental evidence presented here that there is no significant advantage in 
terms of off-rate of A5B7 TFM relative to divalent forms of the antibody.

The fastest on-rate was observed for DFM and this was significantly 
higher than for the other divalent species F(ab')2 and IgG. The on-rate was not as 
fast for TFM, but this was again superior and significantly faster than for F(ab')2 
and IgG. Three antibody arms may not all be accessible for binding at the same 
time to a solid surface. Therefore steric hindrance to antigen sites may explain 
why a significant increase in the on-rate and decrease in off-rate of TFM 
compared to DFM was not achieved. It is thought that the flexibility of the 
antibody hinge region is an important determinant of antigen binding. The 
maleimide bond between two Fab' arms in DFM may increase the flexibility 
compared to the disulphide bond of F(ab')2 and IgG, and consequently produce
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higher binding characteristics. This would explain the improved kinetic binding 
characteristics of both DFM and TFM over F(ab')2 and IgG.

Biodistribution results showed similar tumour uptake levels and an 
identical blood clearance pattern for DFM and F(ab')2 labelled with both and 

I, with high tumour: blood ratios generated in each case. This result contrasts 
with the observations of Quadri et al., (1992), Rodrigues et al., (1993) and King et 
al., (1994) who observed longer circulation times and higher tumour uptake 
levels for the bismaleimide cross-linked fragments compared to F(ab')2- One 
possible explanation for this discrepancy is that the circulation time may be 
influenced by the number of hinge region disulphide bonds in the particular 
F(ab')2 under study. The increase in stability of A5B7 F(ab')2 may be a result of 

the presence of 3 inter heavy-chain disulphide bonds (IgGl subclass) as opposed 

to only one in the above studies. Schott et a l,  (1993a) also demonstrated similar 
biodistribution findings for CC49 native F(ab')2 fragments (IgGl) and a 
maleimide-linked version.

Although tumour uptake levels were not compromised on labelling with 
biodistribution and dosimetry estimates revealed unacceptably high kidney 

accumulation for both ^^Y-DFM and ^0Y-F(ab')2, limiting the choice of 
radionuclide to 1. DFM, owing to its faster on-rate and higher affinity, may be 
more suitable than F(ab')2 when radiolabelled with I for RIT.

The major site of antibody fragment catabolism in mice is the kidneys 
(Covell et a l,  1986). Radioiodinated fragments undergo metabolism to release 
low molecular weight fragments which are rapidly released from cells and 
cleared (Press et al., 1990), whereas radiometals are retained longer owing to 
lysosomal trapping of the chelate within cells (Pimm et ah, 1989). Biodistribution 
of antibody fragments labelled with 1 and ^ I n  have been compared 
previously (Andrew et ah, 1988). For ff^In labelled F(ab')2 >60% of administered 
activity was retained in the kidneys compared to <10% for 131i.F(ab')2.. This is 
similar to the difference we observe here for ^Oy labelled F(ab')2 and DFM; 
kidney: blood ratios are increased 3 fold at 3 h and over 100 fold at 24 h 
compared to ^̂ Î labelled fragments. Conventional radiotherapy studies have 
indicated that doses to this organ should not exceed 1500 cGy (Fawwaz et a l,  
1986), therefore cumulative kidney doses of 1065 or 1084 cGy/MBq p-radiation 
for both ^^Y-DFM and ^0Y-F(ab')2 respectively are clearly unacceptable for RIT.

The biodistribution of IgG and TFM in the xenograft model showed 
surprisingly significantly faster clearance for TFM compared to whole antibody, 
despite having the same molecular weight. The same phenomenon has been 
observed with similar trivalent bis-maleimide linked Fab' fragments described 
previously (King et a l,  1994; Schott et a l, 1993a), and may be partially due to the 
lack of the Fc portion thought to be responsible for the long circulation time of
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the intact immunoglobulin. Tumour accumulation of TFM was greater than for 
the divalent fragments, and similar levels to IgG were observed up to 24 h.

Radiolabelling with also led to higher tumour retention than for 
iodinated IgG and TFM which is known to be concerned with the processing of 
catabolic products rather than deiodination. Radiometals such as are 
trapped within lysosomes whereas iodine is more readily released from cells as 
monoiodotyrosine (Press et al., 1996). Several other publications (Schott et ah, 
1992; Sharkey et ah, 1990) have reported higher tumour retention of labelled 
antibodies, which could also explain the higher absorbed doses in normal tissues 
such as kidney, spleen and liver. It is unlikely that the higher radiation dose to 
the normal tissues after radiolabelling with ^Oy ig a product of the instability of 
the conjugate. It is well known that free ^^Y accumulates in the bone (Harrison et 
al., 1991), but the cumulative dose to the bone throughout this study was 
relatively low and not vastly different to that of other normal tissues, thus 
reflecting the high stability of the macrocycle conjugate.

Recently improvements in iodination methods have enabled conjugation 
of residualising iodine which is designed to be lysosomally trapped after 
catabolism of the radiolabelled antibody in a similar manner to radiometals 
(Stein et al., 1995). This could improve tumour uptake levels, however caution 
must be adopted as increased accumulation in other tissues such as the kidney 
may also result.

In contrast to the divalent fragments, kidney accumulation of ^^Y-TFM 
was greatly reduced. This is presumably mainly due to the increase in molecular 
weight which restricts passage through the glomerular filter. However estimated 
total dose to the kidney was approximately doubled on administration of ^Oy_ 
TFM (316 cGy/MBq) compared to ^^y-igG (152 cGy/MBq), suggesting that there 
may be other factors such as shape and charge which also influence the filtration 
process (Sumpio and Hayslett, 1985). Catabolism of TFM to form DFM or Fab' 
fragments could also occur which may also contribute to increased kidney 
uptake. However, gel filtration analysis of antibodies that had been incubated in 
serum for >24 h showed no evidence of fragmented TFM or DFM consistent with 
breakdown occurring in the serum.

There is concern however whether the number of mice used per group (3- 
4 routinely in this thesis) is sufficient for biodistribution comparisons to observe 
statistical differences in % uptake levels to various organs. The large error bars 
produced often reflect this and ideally experiments should contain a larger 
number of mice per group. Consistency between experiments was compared 
where possible by reference to previous experiments using A5B7 IgG and F(ab')2 
and preliminary experiments using DFM and TFM. Where ambiguous results 
were produced the experiment was repeated. Traditionally 4 mice have been
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used per group which is a practical number for experimental purposes, and other 
researchers have reported experiments using 3-4 mice per group (King et al.,
1994; Quadri et al., 1993; Buchegger et al., 1992; Colcher et al., 1988).

Estimated dosimetry calculations (Table 3.4 & 3.5) were used to predict the 
total activity of 3̂1%_p)PM and l^^I-TFM that may be administered for RIT. The 
dosimetry estimates were in agreement with RIT results in that twice the activity 
of I-DFM must be administered in order to produce the same therapeutic 
effect as l^ll-TFM. This is because the more rapid circulatory clearance of DFM 
compared to the higher molecular weight TFM results in lower tumour levels for 
the same injected activity. However, the advantage of this is the increased 
tumour: blood ratios produced by DFM enables administration of larger amounts 
of radioantibody before a similar level of toxicity to the bone marrow is reached. 
Also, administration of twice the activity of DFM will result in a higher initial 
dose rate to the tumour which produces the same inhibition of tumour growth as 
TFM, although the latter is retained in the tumour for longer. Toxicity measured 
by WBC in this experiment was minimal, implying that larger doses of both 1311- 
DFM and 1311-TFM may be administered to produce longer tumour regression or 
complete cures.

RIT studies using the isotope have previously been limited to use of 
IgG alone due to the problems associated with unacceptably high kidney doses 
of ^Oy-labelled fragments (Sharkey et al., 1990). The in vivo behaviour of ^^Y- 
TFM revealed a combination of low kidney accumulation, similar blood 
clearance to antibody fragments, and tumour uptake intermediate between that 
of IgG and DFM or F(ab')2. A recent study was designed to investigate the 
therapeutic potential of a TFM version of the antibody A33 (Antoniw et al., 1996). 
A single administered dose of ^^Y-IgG (9.25 MBq per mouse) and ^^Y-TFM (11.1 
MBq per mouse) led to complete regression of tumour xenografts. Toxicity 
resulted in WBC reduction to 8.4% for IgG and 51% for TFM of the control WBC 
before recovery. Autoradiography studies also demonstrated more effective 
penetration of TFM within tumour tissue compared to the IgG.

It was shown here that both A5B7 ^Oy-TFM (11.1 MBq per mouse) and 
90Y-lgG (5.6 MBq per mouse) led to growth inhibition of xenograft tumours but, 
in contrast to the above RIT study, a higher administered dose is required to 
produce complete tumour regression. ^^Y-TFM administered at twice the 
activity of ^^Y-IgG produced similar toxicity, but a lower therapeutic response. 
This implies that higher levels of administered activity of ^^Y-TFM are required 
to produce similar growth delay to ^^Y-IgG. This was surprising in view of the 
similar tumour doses predicted from the dosimetry calculations.

RIT relies on delivery of high initial dose rates to overcome normal 
growth and repair mechanisms of tumour cells. ^^Y is a higher energy p-emitter
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with a longer path length than and therefore will deliver a higher initial 
dose rate to the tumour. However, the dose rate effect is also dependent on the 
proliferation rate of tumours and the rate of repair (Fowler, 1990). The volume 
doubling time of LS174T tumours is known to be approximately 3-4 days (Knox 
et al., 1992), therefore the residence time of ^^Y-TFM in the tumour above the 
critical dose rate for radiation damage may not have been long enough to 
counteract tumour proliferation and cell repair mechanisms. Whereas, the dose 
rate effect will be prolonged for ^^Y-IgG due to a longer tumour residence time, 
resulting in an increase rate of cell killing and more time to overcome repair 
mechanisms. Thus, the combination of a short half-life isotope (^^Y) with an 
antibody fragment such as TFM may not be the best combination for RIT, due to 
insufficient residence time in the tumour. The use of a longer half-life isotope 
such as 1 using a residualising conjugation method may be a more appropriate 
alternative.

Improved therapy for A33 TFM in the study conducted by Antoniw at ah, 
(1996), may have been achieved because A33 is known to internalise into cells 
which may be more effective in delivery of radioactivity especially with metallic 
radionuclides such as ^^Y which are also known to reside in cells for longer than 
iodine. This is in contrast with antibodies such as A5B7 that have a slower rate of 
endocytosis (Nicholasef ah, 1994).

Increasing the effective half-life of radiolabelled antibody in the tumour 
without significantly altering the half-life in the critical organs was achieved on 
administration of ^^Y-IgG, which from the data presented here appears to be a 
more appropriate combination for RIT with the isotope ^^Y.

Comparison of therapeutic effects of ^^Y and 1 labeled IgG were not 
directly compared here; but in two similar studies it was concluded that despite 
the more therapeutically efficacious energy emissons of ^^Y, IgG labelled with 

1 may have equal to or better therapeutic prospects than ^Oy-IgG as a 
consequence of the higher retention of ^^Y in normal organs (Buchsbaum at al., 
1993; Sharkey at ah, 1990). It was noted here that the normal tissue toxicity was 
elevated for ^^Y-labelled fragments in this study which also implies that IgG 
would be the most suitable species for RIT with ^^Y.

There are certain advantages of antibody fragments that should not be 
disregarded when selecting the most appropriate targeting entity. The Fc portion 
of the antibody is effectively redundant in terms of antibody binding of a carrier 
molecule and is also the most immunogenic part of an antibody. Thus removal 
of the Fc does not generally compromise immunoreactivity and reduces overall 
immunogenicity. Antibody fragments are also known to be advantageous in 
terms of increased speed of tumour penetration, which can result in delivery of a 
dose that is more evenly distributed throughout the tumour mass. Tumour
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penetration was not compared in this study, but a similar recent report by 
Antoniw et al., (1996) demonstrated more rapid penetration of A33 TFM 
compared to A33 IgG. DFM and TFM also demonstrated faster on-rates and 
slower off-rates than F(ab')2 and IgG. Since human tumours are known to have a 
more heterogeneous distribution of antigen compared to most human xenograft 
tumours, higher affinity may be advantageous in terms of improved binding to 
areas of low antigen density (Sung et al., 1992). Therefore the full advantage of 
higher affinity of DFM and TFM may become apparent in the treatment of 
human tumours.

It is clear from the results in this chapter that DFM and TFM show certain 
advantages in terms of affinity and improved pharmacokinetics over F(ab')2 and 
IgG. Estimated tumour dosimetry suggests that DFM may be the best 
combination for 1^11 RIT studies. DFM also has advantages in terms of a 
significantly faster on-rate than for all other antibody forms. Despite the 
improved tumour: blood ratios for TFM, the increased estimated dose to normal 
tissues and lower therapeutic effect in RIT studies suggest that the most 
promising combination with the radionuclide appears to be IgG.
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Chapter 4

PRE-CLINICAL ANALYSIS OF HUMANISED A5B7 hDFM, hF(ab’)2 , AND  
hTFM, AND A PHASE I/II CLINICAL STUDY OF HUMANISED A5B7 hDFM 
RADIOLABELLED WITH IODINE 131.

4.1 Introduction
A major limitation of RIT which often prevents retreatment of patients is 

the production of human anti-mouse antibodies (HAMA) to murine 
immunoglobulins. Technologies to generate human antibodies such as human 
hybridoma technology, transgenic or SCID-hu mice and recombinant libraries 
are not yet readily available for routine production of high affinity human 
antibodies (Lonberg et a l, 1994; Borrebaeck et al., 1990; Winter et al., 1994). As an 
alternative, existing murine antibodies have been reconstructed by grafting the 
critical portions of the antigen binding regions (CDR's) onto a human antibody 
framework (Verhoeyen et al., 1987).

Clinical trials involving several humanised antibodies are currently in 
various stages of progress (Emery & Adair, 1994), and the results so far indicate 
that immungenicity is in fact reduced or completely absent using this approach 
(Hale & Phillips, 1995; Stephens et ah, 1995).

Humanised antibodies can be expressed in a variety of host cells including 
mammalian, insect, or plant cells, yeast and bacteria (Mountain & Adair, 1992). 
Problems associated with expression of whole recombinant antibodies in a 
soluble form and differences in glycosylation between species have led to 
mammalian expression systems generally being the preferred route for 
production of whole humanised antibodies (Emery & Adair, 1994). Whereas, the 
preferred route for production of antibody fragments which are not dependent 
on effector function is in E. co li. For bacterial expression antibody genes can be 
assembled and expressed in £. coli under the control of a single promoter (Better 
et ah, 1988). This rapid, relatively inexpensive expression system is an attractive 
alternative to mammalian expression systems due to the high production yields 
of recombinant antibody fragments (Adair, 1992). In the future many 
recombinant antibody fragments may be produced for clinical studies on a large 
scale using bacterial expression systems.

Recombinant Fab's have also been synthesised with a single hinge thiol to 
facilitate cross-linking reactions (Carter et ah, 1992; King et ah, 1994) and scFv 
molecules with a similar C-terminal cysteine residue to allow cross-linking 
(Cumber et ah, 1992; King et ah, 1994). Chemically cross-linked di-Fab (DFM) and 
tri-Fab (TFM) have been prepared from the mouse: human chimeric Fab' 
fragment of B72.3 (King et ah, 1994) and a humanised version of the antibody A33
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(King et al., 1995). Biodistribution studies with these antibodies in nude mouse 
xenograft models have revealed shorter circulating half lives to the parent IgG 
and high tumour uptake levels resulting in superior tumour: blood ratios at early 
time points. Both of these characteristics are ideal for RIT.

A5B7 Fab' has been humanised (hFab'), modified to contain a single hinge 
thiol suitable for cross-linking and can be expressed in both mammalian and 
bacterial cells (Adair et al., 1992). A hinge sequence containing a single cysteine 
was chosen to avoid intra-hinge disulphide bonding which may occur if a hinge 
containing multiple cysteines is used (Brennan et al., 1985). The aim in this 
chapter (section I) was to produce cross-linked divalent and trivalent versions of 
A5B7 hFab' and study the effect of increasing valency on the functional affinity 
and tumour targeting. The majority of A5B7 hFab' expressed in bacterial or 
mammalian cells is in monomer form, but this system facilitates reoxidation of 
hFab' to hF(ab')2 by reduction and alkylation. A re-oxidised version of A5B7 
hF(ab')2 was also synthesised to enable a direct comparison to chemically cross- 
linked hDFM. Since both dimeric constructs have a single disulphide or 
thioether bond, the in vitro and in vivo stability may be directly compared.

Although preclinical studies in nude mouse model systems provide 
valuable information in selecting the most appropriate form of antibody, pilot 
human investigations are necessary to assess whether a particular antibody will 
be clinically useful. A further aim in this chapter (section II) was to produce a 
batch of A5B7 hDFM suitable for clinical purposes and to assess the safety and 
tumour targeting in patients with colorectal cancer. Bacterial production of hFab' 
was facilitated with the use of production scale fermentation, which is becoming 
an attractive alternative to mammalian expression systems which are relatively 
expensive. A5B7 hDFM was one of the first antibodies to be produced in E. coli 
for the clinic.
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4.2 M ateria ls & M ethods 

Section I

4.2.1 Production and characterisation ofhDFM, HF(ab')2 and HTFM.
The NSO mouse myeloma eukaryotic expression system was used to 

generate A5B7 hFab' which was purified using protein A chromatography. 
Purified A5B7 hFab' was kindly provided by Dr L. Chaplin (Celltech 
Therapeutics Ltd.).

Cross-linking to hDFM and hTFM was performed using the method 
described in chapter 2 section 2.5.4. To generate re-oxidised hF(ab')2, DTDP was 
used in place of maleimide cross-linkers under the same conditions. The 
addition of DTDP under these conditions promotes disulphide interchange and 
allows a high proportion of the hFab' to form hF(ab')2- Dimeric forms were 
purified from unreactive hFab' using preparative gel filtration HPLC and 
characterised using methods described in chapter 2 sections 2.3 and 2.4.

4.2.2 Radiolabelling
Antibodies: hDFM, hTFM and hF(ab')2 were radioiodinated with 

using the chloramine T method to a specific activity of 37-74 kBq/ ̂ ig. Stability 
and antigen binding of radiolabelled antibodies was performed using methods 
described in chapter 2 sections 2.9 and 2.4.

4.2.3 Biodistribution study
The biodistribution of radioiodinated hDFM, hTFM and hF(ab')2 was 

compared in nude mice bearing human colorectal LS174T tumour xenografts 
over a period of 6 days. Antibodies (0.37 MBq per mouse) were injected iv and 
the tissue distributions of 3 mice per group were compared at 3, 24,48 and 144 h 
post injection.

4.2.4 In vivo stability
Stability of hDFM and hF(ab')2 was also assessed by HPLC. A further 2 

mice per group were injected with 125i_hp>p]y[ and 12^I-hF(ab')2, and at 24 h post 
injection mice were bled using heparinised tubes and plasma was removed by 
centrifugation 11,430 x g for 10 min. Pooled hDFM and hF(ab')2 plasma samples 
were analysed by HPLC according to the method described in chapter 2 section 
2.9.5.
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Section II

4.2.5 Production of clinical grade hDFM
Clinical grade hDFM was produced in accordance to the Cancer Research 

Campaign (CRC) specified guidelines for production of recombinant proteins for 
clinical use (Begent et a l, 1993). A summary of the major steps involved in the 
production process is illustrated in Figure 4.1.

Bacterial hFab' was generated by production-scale fermentation (refer to 
chapter 2 section 2.6.2.1). This was performed by Dr N. Weir at Celltech 
Therapeutics Ltd.

Purification of hFab' was carried out using large-scale expanded bed 
Streamline A® chromatography (detailed in chapter 2 section 2.6.2.2). "This 
procedure was performed by Dr L. Chaplin at Celltech Therapeutics Ltd.

Cross-linking of hFab' to hDFM scaled-up and optimised for clinical 
production according to the method described in chapter 2 section 2.6.2.S. Gel 
filtration was used to remove unreactive hFab' followed by a final step to remove 
pyrogens (chapter 2 sections 2.6.2.4 and 2.6.4.1).

The final product was concentrated and aliquoted for radiolabelling, 
additional aliquots were reserved for characterisation and toxicity testing.

4.2.6 Characterisation,Toxicology and Safety testing
The aliquoted clinical batch of hDFM was characterised before and after 

test labelling for stability and immunoreactivity using methods described in 
chapter 2 section 2.3 and 2.4. Immunohistochemical analysis was also performed 
by Mr G. Boxer, Dept. Clinical Oncology (Royal Free Hospital) using a 
biotinylated sample of the patient batch of hDFM. Biotinylated hDFM was 
demonstrated by ELISA to be fully immunoreactive (data not shown).

A biodistribution experiment with 131i_hp)FM (0.37 MBq injected per 
mouse) was performed to ensure tumour localisation of the patient material. 
Samples of blood, normal tissues and tumour were collected at the same time 
points [10 min (blood only), 2 h, 5 h, 24 h, 48 h and 72 h] as for the clinical study.

Toxicology and safety testing (refer to chapter 2 section 2.6.5) was 
performed in accordance with the requirements by the CRC regulatory 
committee (Begent et al., 1993).
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Figure 4.1: A flow chart summary of the main stages involved in clinical production
of hDFM for clinical studies.
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4.2.7 Clinical trial outline

A  series of 8 patients with metastatic or recurrent colorectal carcinoma or 
other CEA producing tumours with performance status 1-2 (WHO criteria, 1979) 
were recruited for a phase I/II single centre open clinical trial. Patients were 
recruited and managed by Dr M. Napier, Professor R. H. J. Begent and Ms L. 
Hope-stone (research nurse). The study was approved by the medical ethics 
committee and covered by an application for certificate to administer radioactive 
medicinal products (ARSAC) licence.

The thyroid was blocked with a course of potassium iodide tablets (50 
m g/3  X daily) for 10 days beginning the day before the antibody scan, and 
potassium perchlorate (200 m g / 4 x for 1 day) on the day of administration.
Prior to injection of radiolabelled antibody, patients were given an intradermal 
skin test injection consisting of 10 fig antibody (0.2 ml) and a saline control.

131j_A5B7 DFM (0.5 mg) was radiolabelled using the chloramine T method 
to a specific activity of 0.22-0.37 M Bq/pg and 111-185 MBq was administered to 
patients by Dr. M. Napier using an iv cannula, which was flushed with saline 
before and after radio-antibody infusion. Whole body planar and single photon 
emission computerised tomography (SPECT) scans of the thorax and abdomen 
were performed on a Gemini 700 gamma camera at the following times: 10 min, 2 
h, 4-5 h, 24 h, 48 h and 72 h (optional) post administration of radiolabelled 
antibody. Scanning was performed by Dr. A. Green and colleagues. Patients 
also had conventional pre and post computerised tomography (CT) X-ray 
scanning. Scans were analysed independently by 2 qualified physicians and 
consensus reporting was performed in the event of a discrepancy.

Objectives of this study included:
1. To determine the safety of l^ll-A5B7 hDFM antibody to CFA for RAID.
2. To determine the localisation of I-A5B7 hDFM in tumour and normal 
tissues.
3. To investigate the immunogenicity of l^ll-A5B7 hDFM in patients.
4. To assess the potential of 131I-A5B7 hDFM for RIT.
5. To investigate the contribution of RAID with l^ll-A5B7 hDFM in the 
management of patients with metastatic colorectal cancer.

4.2.8 Quality control
In order to assess the quality and reproducibility of radiolabelling each 

aliquot of ^^^I-hDFM to be administered to patients was characterised for 
radiolabelling efficiency, stability, and immunoreactivity using techniques 
described in chapter 2, section 2.4 and 2.9.
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4.2.9 Pharmacokinetics

Samples of blood and urine were collected at each scanning time and 
counted in triplicate using the gamma counter (refer to chapter 2 section 2.10). 
Half-life in blood was calculated by fitting data to a bi-exponential model. 
Complete 24 h urine collection to 82 h post administration was carried out for 
one patient to measure the total urinary output of l^^I-hDFM.

Urine samples were analysed by SDS PAGE, autoradiography and 
western blotting using methods described in chapter 2 section 2.4.

Additional plasma and serum samples were taken at each scanning time 
for stability, immunogenicity and antigen binding analysis, using methods 
described in chapter 2 section 2.10. HPLC stability analysis was performed by 
Mrs L. Skelton and Mr T. Kopotsha in the Dept, of Clinical assay at Celltech 
Therapeutics Ltd.

4.3 Results 

Section I

4.3.1 Production ofhDFM, hP(ab')2 and TFM
Cross-linking to form hDFM, hTFM and hF(ab')2, produced yields similar 

to the murine cross-linked products of 30-40% hDFM and hF(ab')2 and 25-30% 
hTFM (approx.). HPLC traces to monitor production are shown in Figure 4.2. 
SDS PAGE analysis was used to assess the purity of antibodies illustrated in 
Figure 4.3A which were >90% pure.

4.3.2 Antigen binding
Samples of A5B7 hDFM, hTFM and hF(ab')2 were analysed for binding to 

CEA by competition ELISA against unmodified IgG using the method described 
in chapter 2 section 2.3.3. This assay was performed to avoid possible cross- 
reactions of anti-human HRP conjugates to solid phase human CEA.

All humanised fragments bound to CEA, and the specific activity 
increased with valency (Figure 4.4). As expected after correction for nM binding 
sites, monovalent hFab' demonstrated low binding to CEA compared to di- or 
trivalent forms. Whereas, although slightly improved binding was achieved, a 
similar improvement in binding between divalent and trivalent species was not 
observed. As results were corrected to nM binding sites this means that the 
efficiency of each binding site is the same for DFM and TFM. However, if results 
were plotted per nM of protein a difference in activity would therefore be



153

1— 
15 >

~r
20

SUhQ
JS

raMhj=

B.

“I—  
15 •

~ r
20

x>
(Z

«

c.

- r
15

nr
20

HX,
Xffl
PU,X

Figure 4.2: Gel filtration HPLC analysis illustrating the synthesis of A) hDFM, B) 
hF(ab')2, and C) hTFM. Analysis was performed at A2 8 0 nm over time (min). Peak 
elution times are shown.
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Figure 4.3: (A) SDS PAGE analysis (4-20% polyacrylamide gradient) of non
reduced A5B7 hDFM, hF(ab')2 and hTFM. Gel was stained with coomassie blue. 
(B) autoradiography of l^^I-labelled antibodies. Molecular weight markers (kD) are 
shown.



155

revealed. There was an indication of higher binding of cross-linked hDFM to 
CEA compared to re-oxidised F(ab')2, but this was not significantly different.
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hFab2
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Figure 4.4: Antigen binding analysis by competition ELISA of hDFM, hTFM, hF(ab’)2 
and hFab'. Concentrations of antibody have been converted to nM binding sites to 
compare antibody species with differing valency and molecular weight. This assay was 
repeated to ensure results were consistent.

4.3.3 K inetic  ana lysis

Surface plasmon resonance (BIAcore) was employed to measure the 
association, dissociation and affinity constants of monovalent hFab', divalent 
hDFM and hF(ab')2 and trivalent hTFM. Analysis was performed twice (on 2 
separate occasions) using 4 dilutions of antibody (333.4nM, 166.7nM, 83.4nM and 
41.7nM) and a CEA chip immobilised with aldehyde coupled CEA (768 RU). 
Figure 4.5 and Table 4.1 illustrate a comparison of kass and kdiss binding kinetics 
(mean values) of the various forms of hA5B7. For comparative purposes values 
have been converted to nM binding sites.

The most dramatic difference between these molecules occurs during the 
dissociation phase, where monovalent hFab' has a significantly faster off-rate 
than the higher valency fragments (p<0.05). However, as with the murine 
fragments, an equivalent difference in off-rate was not observed between 
divalent and trivalent fragments (p>0.05). Association rates were again similar to 
those of corresponding murine fragments, such that hDFM had a significantly
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faster on-rate (p<0.05) to the other antibody forms which was closely followed by 
hTFM. Both cross-linked fragments showed improved kinetic binding 
parameters compared to hF(ab')2 and hFab'. The on-rate for hDFM was 
approximately 2-fold higher than for hF(ab')2 (p<0.05), and the off-rate was 1.4 
fold slower than for hF(ab')2 but was not significant (p>0.05), producing an 
overall higher affinity for cross-linked hDFM. The on-rate was faster and off-rate 
slower for hTFM but these values were not significantly different to that of 
hF(ab')2 (p>0.05).

Figure 4.6 illustrates a sensorgram comparing the kinetic binding of hDFM 
expressed in bacterial (clinical batch) and mammalian cells. It is demonstrated 
here that regardless of the expression system identical kinetic binding of hDFM 
was achieved.

kass
(1 x E4Ms-1)

kdiss 
(1 xE'^s"!)

Kd
(M)

hFab' 4 .4 5 (+ /-0 .7) 1 3 .1  (+ / -2 .0 ) 2 .9 4  X 10-9

hF(ab')2 6 .1 3 ( + / -  2.0) 4 .2 4  (+ /-0.87) 6 .9 2  X 1 0 -1 0

hDFM 1 1 .5 (+/-2.T) 3 .0 1  (+/- 0.24) 2 .6 2  X 1 0 -1 0

hTFM 8 .8 4 (+ /-1 .5) 1 .7 8  (+/- 0.23) 2 .0 1  X 1 0 -1 0

Table 4.1 : Association rate (kass), dissociation rate (kdiss) and affinity constants (kp) for 
humainsed A5B7 fragments, evaluated by BIAcore analysis from the mean values for 
two separate analyses. Where kp) is equivalent to kdiss ^ass- Standard deviations are 
shown in brackets.
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Figure 4.5. BIAcore kinetic parameters for antibodies determined by binding to CEA 
immobilised by aldehyde coupling. Values are corrected for number of binding sites and 
molecular weight and presented as association and dissociation constants. The columns 
are mean values of two separate analyses, standard deviations are shown as bars.



158

3 5 0 -

hDFM (NSO)

5 hDFM(E. coli)250 -

(U
(AC
0&
(A

^  150 -

5 0 -

150 250 350 450 550 650

Time (S)

Figure 4.6: Senosorgram illustrating association and dissociation of hDFM 
expressed in mammalian NSO cells or bacterial E. coli W3110 cells to immobilised 
CEA. Kinetic binding is measured in response units over time in seconds.
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4.3.4 Radiolabelling and stability testing

Antibodies were successfully radiolabelled with 1^1 with >90% 
incorporation of radioactive iodine. Asssessment of antigen binding post 
radiolabelling resulted in retention of 89% hDFM, 86% hTFM and 94% F(ab')2 
binding to CEA. Stability of radiolabelled antibody conjugates was monitored 
approximately 24 h after radiolabelling by SDS PAGE and autoradiography. 
Antibodies remained intact as illustrated in Figure 4.3B.

4.3.5 Biodistribution study in mice
The blood clearance and normal tissue biodistribution of hDFM and 

hF(ab')2 in the nude mouse xenograft model (Figure 4.7), was very similar at all 
time points (p<0.05). Tumour uptake levels were comparable at 3 h but greater 
tumour uptake and retention of hDFM was seen at 24 h and later time points.
This was statistically significant at 24 h (p < 0.05) mean values hDFM: 9.7 % ia /g  
and hF(ab')2 : 2.1 % ia/g . This is also reflected in the higher tumour: blood ratios 
over time for hDFM in Table 4.2. At 24 h a 2 fold significantly improved ratio 
(p<0.05) and at 144 h a 4.2 fold significantly greater therapeutic ratio (p<0.05) of 
hDFM compared to hF(ab')2 was produced.

The higher molecular weight hTFM showed a different biodistribution 
pattern to the smaller divalent fragments. At 3 h significantly more hTFM was 
present in the blood (p<0.05) which due to it's larger mass, may have a slower 
rate of extravasation. Flowever, normal tissue distribution was very similar to 
the smaller fragments at all time points. Higher tumour levels were also 
achieved compared to hDFM and hF(ab')2 at 24 h and onwards (24 h: hTFM 
10.5%, hDFM 9.7%, hF(ab')2 2.4%). These were significantly greater than 
hF(ab')2 (p<0.05) at 24 h but not significantly different those of hDFM (p>0.05).
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Figure 4.7: Biodistribution of labelled hP(ab')2 (1̂  ̂ column), hDFM column)
and hTFM (3*"̂  column) at i) 3 h, ii) 24 h iii) 48 h and iv) 144 h post injection. Columns 
represent % injected activity per gram of a mean of 3 mice and bars standard deviations.
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3h 24h 48h 144h

hF(ab')2 2.2 21 29 23

hDFM 1.4 43 48 98

hTFM 0.7 21 44 133

Table 4.2: Tumour to blood ratios of % injected activity per g at various time intervals 
post injection of radiolabelled antibody. Data is expressed as a mean of 3 mice.

4.3.6 Stability analysis in vivo
The stability of hDFM and hF(ab')2 was analysed by HPLC and fractions 

were counted for activity as illustrated in Figure 4.8. This data confirms that 
there was no evidence of hF(ab')2 or hDFM breakdown in the plasma up to 24 h 
post injection. Therefore although there was a lower amount of ^^^I-hF(ab')2 in 
the tumour at 24 h (2.9%) compared to hDFM (6.5%) it appears that this was not 
due to breakdown in the plasma of the re-oxidised disulphide bond.
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Figure 4.8: Gel filtration HPLC analysis of plasma taken from 2 mice per group (pooled) 
24 h post injection of radiolabelled antibody. Fractions (1 min) were collected and 
counted for activity. Unlabelled F(ab')2 and Fab' were used as markers and elution 
peaks were at fraction 14 and 16 respectively, denoted with an arrow.
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Section II

4.3.7 Production of clinical grade hDFM
Large-scale fermentation of hFab' resulted in the majority of hFab' in 

monomer form. Purification using Streamline A® generated a yield of 
approximately 85 mg (assuming an extinction coefficient of 1.43) from 3 batch 
purifications (2 supernatant and 1 retentate).

Small-scale cross-linking was optimised by reducing antibody at lOmg/ml 
with a final concentration of 50mM 2ME for 90 min at 37^C, followed by addition 
of cross-linker at a 2.2:1 Molar ratio (antibody: linker) in 5 equal aliquots over a 
30 min period with gentle mixing at 37^C. This resulted in an increase in cross- 
linking yield from 20-25% (batch addition) to 40% (approx. values) by adding the 
cross-linker in aliquots. For large scale cross-linking a 70 ml desalting column 
was used (refer to chapter 2 section 2.6.2.2).

For the patient batch a total of 64 mg hFab' at 10 m g/m l was reduced with 
2ME under optimal conditions. (NB. some losses occurred on concentration). 
After removal of 2ME by desalting, protein fractions were analysed for thiol 
content. The thiol assay revealed 0.6-1 free thiols, and fractions were collected as 
3 X 6 ml fractions, for cross-linking at a final concentration of 3 m g/m l for 
fractions 1 and 2 and 0.6 m g/m l for fraction 3. Cross-linking produced: fraction 
1 = 44%, fraction 2 = 43% and fraction 3 = 12% of hDFM, with <5% reoxidised 
F(ab')2- Reaction conditions for fraction 3 were sub-optimal ie. at low protein 
concentration. There may have also been some carry-over of the reducing agent 
in this fraction, which is known to effect the efficiency of cross-linking. Final 
purification of hDFM from unreactive hFab' was performed by sephadex S-200 
gel filtration of individual cross-linked fractions 1-3. The yield of hDFM after gel 
filtration was 28.5 mg. This material was passed over the endotoxin removing 
column twice and analysed for endotoxin content. The final yield of 
concentrated endotoxin free material was 26 mg.

4.3.8 Characterisation of clinical grade hDFM
Aliquots of hDFM were retained for characterisation analysis, toxicology 

and assessment of contaminants. For characterisation hDFM was analysed for 
purity by analytical gel filtration using HPLC as illustrated in Figure 4.9. 
Originally >95% of the clinical product was in the form of hDFM but, 12 months 
(approx.) later there was evidence of some breakdown products (11%). The 
HPLC stability analysis was performed immediately prior to the start of the 
clinical trial. It is evident that the storage conditions (PBS pH 7.4,4^C) may not 
have been optimal for hDFM and unfortunately extensive stability studies were 
not performed prior to production of the clinical batch. Recent stability studies
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o

Figure 4.9: HPLC gel filtration analysis at A2 8 onm of hDFM (patient batch) stored 
for 12 months in PBS at 4®C. Trace illustrates elution of 89% hDFM (large peak) 
and 11% hFab (small peak) at 9.057 min and 10.795 min respectively.
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with other cross-linked antibodies have shown improved stability following 
storage in a lower pH buffer (pH 5.5-6) or in a lyophilised form.

A small amount of the clinical grade hDFM was re-purified and re-tested 
for presence of pyrogens. The material analysed by HPLC eluted as a single peak 
(>99% purity) and was free of pyrogens. The re-purified material was 
administered to one patient to observe any differences in distribution, 
pharmacokinetics and dosimetry.

Immunoreactivity to CEA was assessed by competition ELISA with 
unmodified IgG conjugated to HRP. Results in Figure 4.10 illustrate similar 
binding to a previous batch of hDFM (known to localise to human tumour 
xenografts), suggesting that the patient batch of hDFM is fully immunoreactive. 
Immunohistochemical analysis revealed binding of hDFM (biotinylated) to CEA 
producing tumours with similar strength to murine A5B7 (biotinylated), and 
retention of the high level of specificity and low cross-reactivity observed for the 
parent antibody.
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Figure 4.10: Antigen binding analysis by competition ELISA of the patient batch 
compared to a previous batch of hDFM.
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An aliquot of hDFM was test labelled with 185 M B q  1 ^ 1 with >90% 

incorporation. TLC analysis after desalting confirmed that 98.8% of radiolabel 
was attached to hDFM. Antigen binding post labelling, measured by applying a 
sample to a 1 ml CEA column, produced 98% retention of antigen binding post 
labelling. Gel filtration analysis after radiolabelling in Figure 4.11 showed the 
presence of a single peak of molecular weight lOOkD, with no evidence of 
aggregation or breakdown. The small amount of hFab' in this sample was not 
efficiently separated as a single peak using this column as opposed to the 
analytical HPLC column, but a slight shoulder was visible close to the 60kD 
molecular weight marker suggesting there was a small amount of hFab' in the 
preparation. A sample of 1311-hDFM was incubated in normal human serum for 
>24 h and analysed by gel filtration. The trace showed a single peak similar to 
that in Figure 4.11, consistent with hDFM.
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Figure 4.11: Gel filtration analysis of ^3^1-hFab' using a sephacryl S-300 column. 
Fractions were gamma counted and expressed as counts per minute. Molecular weight 
markers for 200kD and 60kD were used to calibrate the column.
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A biodistribution experiment in the nude mouse xenograft model was 

performed to assess in vivo localisation of the patient batch of hDFM (Figure 
4.12). Blood, normal tissue and tumour levels were not significantly different to 
the previously tested hDFM (p>0.05, refer to Figure 4.7); at corresponding time 
points tumour levels were [24 h: 4% ia /g  (patient batch) and 6.5% ia/g; 48 h: 3% 
ia /g  (patient batch) and 3.5% ia/g]. This also suggests that there was little 
difference in the biodistribution of hDFM in nude mice after production in either 
mammalian or bacterial expression systems. The peak tumour localisation for 
hDFM in this model system occurs before 24 h as illustrated in Figure 4.12 (refer 
to 5 h time point). The highest normal tissue uptake is in the kidney, levels being 
highest at early time points and decrease over time, with a similar clearance 
pattern to the blood.

15 1

10

V
r3
13a
U01

5 -

■ 2h

a 5h

□ 24h

m 48h

□ 72h

i
Blood Liver Kidney Lung Spleen Colon Muscle Tumour

Tissues

Figure 4.12: Biodistribution of ^^iphDFM (patient batch) in nude mice bearing LS174T 
human colorectal tumour xenografts. Time points at 2 h (D^ column), 5 h (2"(  ̂column), 
24 h (3̂ <̂  column), 48 h (4 ^̂  column) and 72 h (5 ^̂  column) post injection. Results are 
expressed as % injected activity per gram of tissue, columns are a mean of 4 mice and 
bars represent standard deviations. Tumour to blood ratios (T/B) for each time point are 
shown in brackets.
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4.3.9 Toxicology and safety testing

No signs of disease or fever were observed in the 5 guinea pigs following 
administration of 10 x the patient dose of hDFM (unlabelled) over the 28 day 
observation period. There was no evidence of macroscopic abnormality or 
toxicity when the animals were dissected therefore no histological examination 
was required. The red cell, white cell and platelet counts were comparable to the 
levels measured for the control animals.

Pyrogen testing of three times the patient dose of hDFM produced a 
summed rise <1.5^C in rectal temperature and therefore was suitable for 
administration to patients.

DNA analysis revealed that there was no detectable DMA (< 24 pg 
sensitivity) present in the final product. Microbial testing also revealed no 
evidence of bacterial or fungal growth after incubation for 2 days at 37^C.

4.3.10 Quality control
Radiolabelling of 8 individual patient aliquots of hDFM with using 

the chloramine T method resulted in 85-92.5% labelling efficiency. Following 
removal of free iodine using a PD-10 column TLC analysis revealed 97-99% 
incorporation to the antibody.

Samples of each radioconjugate were routinely tested for 
immunoreactivity using a CEA antigen column. Results showed that 89-94% 
bound to the column compared to a non-CEA antibody control radiolabelled 
with 1311 which bound non-specifically 2% of total recovered counts.

4.3.11 Imaging results
131l-hDFM localised to 10/13 of the known sites of tumour recurrence in 7 

patients known to have metastatic disease by standard radiological techniques.
In the remaining patient (no 7) a true negative result (i.e. confirmation of no 
tumour) was observed which served as a normal control. For patient 2, a 
previously unidentified perineal lesion was discovered by imaging with 131 p 
hDFM and the recurrence was later confirmed by an MRI scan.

A summary of the results is shown in Table 4.3. The sensitivity and 
specificity of 131j-hDFM as an imaging agent for the 8 patients in this study was 
77% and 100% respectively.

An example of a SPECT image and corresponding CT scan is illustrated in 
Figure 4.13, demonstrating positive localisation of 131%-hDFM to a liver lesion. 
There is high activity in the kidneys due to clearance and there is also evidence of 
de-iodination manifested by the increased activity in the stomach.
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B.

Figure 4.13: Gamma camera SPECT image (A) showing localisation of 131i_hDFM 
to a liver lesion. High amounts of radiaoacivity are shown in the areas of high 
intensity of colour (yellow). T= tumour, A= aorta, K= kidney, S= stomach, V= 
vertebra. The corresponding CT image is also shown (B), where the liver metastasis 
is visible as a darker grey area. R= right side, L= left side.
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Patient
no

serum CEA 

Kg/l
Known metastatic 

disease
Imaging
result

79 regional nodes 
lung 
liver

TP nodes 
TP lung 
TP liver

31 CT normal 
(raised CEA)

TP perineum  
(MRI confirmed)

2039 lung
liver

FN lung 
TP liver

17

23

liver

regional nodes 
liver

TP liver

TP nodes 
TP liver

15 local recurrence 
liver 
lung

FN local recurrence 
TP liver 
FN lung

<3 none
suspected bony metastasis

TN bony mets 
(benign)

liver TP liver

Table 4.3: Imaging results for 8 patients administered with l^^I-bDEM. TP refers to true 
positive, TN to true negative, FN to false negative and TN to true negative results. Serum 
CEA concentration (pre-dose) is shown for each patient, normal serum CEA levels are <5 
|ig/l.
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4.3.12 Blood and urine clearance

Clearance of l^^I-hDFM from the circulation was monitored in patients by 
counting regular blood samples (10 min, 2 h, 4-5 h, 24 h, 26 h, 48 h and 72 h) and 
calculating the % ia/kg. This data was fitted to a bi-exponential model and the 
best model fit to the data is illustrated in Figure 4.14. The half-lives for a  and P 
phases were calculated for individual patients, the median a-half life was 2.12 h 
(range 1.3-3.1 h) and median p-half life was 20.3 h (range 14-26.3 h). This is 
comparable to the modelled clearance for l^^I-mF(ab')2 hi man with a median a- 
life of 0.54 h and median p-half life of 20.7 h.

Cumulative urine output of radioiodine was assessed for one patient by 
collection of total urine. The majority of l^^I-hDFM was eliminated via the urine 
in the first 24 h, equivalent to 20.2% of the injected activity at 23 h post collection; 
after which cumulative output decreased over time (37% ia at 47 h, and 41% ia at 
59 h).

4.3.13 Biodistribution
Quantitative assessment of tumour and measurable normal tissue uptake 

of antibody by SPECT at each imaging time is shown in Figure 4.15. l^^I-hDFM 
localised to the tumour within 2 h of injection (median 4% ia/kg) and tumour 
uptake reached a maximum median level of 4.5% ia /k g  at 5h after injection. By 
47 h the activity levels were higher in the tumour than in any other tissue which 
is illustrated more clearly in Figure 4.16, where a tumour: blood ratio of 2.4:1 is 
observed. Flowever, due to the wide variation of % uptake levels in tissues for 
all patients these values were not statistically significant. Only one patient was 
imaged at 72 h post injection, and further patient scans at this time point were 
not performed because the low level of activity remaining in the body was of 
limited value for dosimetric calculations.

The highest % uptake was in the kidney, where levels of up to 21.2% ia /kg  
were observed, indicating that a substantial part of kidney activity is due to 
excretion of l^ll-hDFM in urine. This was significantly greater than for all other 
tissues at 2 h and 5 h after injection (p<0.05). By 24 h median levels had fallen to 
<5% of the injected activity, suggesting that most clearance occurs on the day of 
injection. Table 4.4 illustrates that kidney uptake levels were substantially 
reduced (13-29%) on injection of repurified l^lj-hDFM (given to one patient) 
compared to the remainder of patients who received hDFM containing 11% 
hFab'. This implies that the presence of Fab' in the preparation contributes to 
overall kidney dose.

The levels of activity in the heart were similar at all time points to blood 
levels reflecting clearance of antibody from the circulation. There was no 
evidence of non-specific uptake of ^^^I-hDFM in other normal organs with
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Figure 4.14: Fractional blood clearance of 1311-hDFM expressed as a % of the 
injected radioactivity per kg. Individual values are shown for each patient (8)and 
the data is fitted to a biexponential model. The model fit for clearance of mF(ab')2 in 
a study of 19 patients is also shown.
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Figure 4.15: Biodistribution of 1311-hDFM derived from SPECT imaging and 
blood counting, of a median of 8 patients. Values are expressed as % injected dose 
per kg. Maximum and minimum error bars are shown.
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Figure 4.16: Biodistribution of 1311-hDFM derived from SPECT imaging and 
blood counting, of a median of 8 patients. Values are expressed as Tissue: blood 
ratios. Maximum and minimum error bars are shown.
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measurable activity. No toxicity was observed for the 8 patients in this study as 
assessed by the Common Toxicity Criteria (CTC, 1988).

Median scan 
time (h)

median value 
%ia/kg (n = 8)

Patient 7 
%ia/kg

% decrease

2 21.2 (+/-5.10) 16.1 25%

5 18.8 (+ /-13.1) 14.2 25%

24 4.35 (+/- 2.65) 3.80 13%

47 1.70 (+/- 0.80) 1.21 29%

Figure 4.4: Table illustrating the difference in kidney uptake levels of l^^I-hDPM in 
patient 7 given re-purified hDFM and the remainder of patients. Results were evaluated 
from gamma camera images and expressed as % injected activity kg"T The % decrease 
in kidney uptake levels for patient 7 compared to the median value for all patients is 
shown.

4.3.14 AUC analysis
The total residence time or area under the curve (AUC) of l^^I-hDFM in 

various tissues was calculated from the biodistribution data in man (refer to 
method chapter 2 section 2.13.2). This data is expressed as tissue: blood ratios 
shown in Table 4.4. Similar AUC ratios for l^^I-mP(ab')2 have also been 
evaluated from a previous clinical study for comparative purposes. A 
comparison of AUC ratios in man with data for l^^I-hDFM, ^^^I-mDFM and 
mF(ab')2 generated from the mouse xenograft model is also shown in Table 4.4.

For the clinical data, times and frequency of patient scans often varied. To 
correct for these fluctuations biodistribution data for each tissue has been fitted 
to a bi-exponential model to estimate AUC. However, this was not possible for 
the xenograft data due to the small number of mice and sampling times for each 
experiment, so the AUC was calculated to the latest sample time point using the 
trapezoidal rule. Therefore, although the methods to calculate AUC varied 
between species, the most accurate method available has been selected in each 
case. However, this data may be subject to some element of bias and results 
should be regarded as estimated values.

Tumour: blood ratios for hDFM were slightly higher (28%) than for 
mF(ab')2 in man. Normal tissue distribution was similar except for kidney levels
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which were 3-fold higher for hDFM in man compared to mF(ab')2 . This was also 
reflected in the bladder levels of activity which were 6 times greater for hDFM 
compared to those of mF(ab')2. However, doses to the bladder are subject to 
large variations depending on the dilution in urine. Levels of activity in the liver, 
reflecting hepatic clearance, are comparatively low for both hDFM and mF(ab')2.

Higher (2-3 fold) tumour: blood ratios of AUC were achieved in the mouse 
xenograft model, which probably reflects the faster clearance of antibodies and 
smaller dilution factor in mouse compared to man. In contrast to kidney levels of 
hDFM in man, ratios in the mouse model were relatively low and similar to both 
mDFM and mF(ab')2 .

Tissues hDFM 
man 
(n = 8)

hDFM
mouse

mDFM
mouse

mF(ab')2 
man 
(n = 19)

mF(ab')2
mouse

Tumour 1.24 2.79 3.03 0.89 2.85

Liver 0.75 0.26 0.23 0.56 0.29

Lung 0.32 0.38 0.46 1.49 0.46

Kidney 2.39 0.65 0.48 0.77 0.50

Colon 0.05 0.18 0.14 - 0.15

Bladder 4.66 - - 0.77 -

Table 4.5 : Area under the curve (AUC) estimates for hDFM, mDFM and mF(ab')2 
labelled with 131% in mouse and man, expressed as a tissue: blood ratio, where AUC is an 
integral of the time activity curve. For mouse data AUC was estimated from 
biodistribution data using the trapezoidal rule to 144 h for mDFM and mP(ab')2 and 72 h 
for hDFM. For patient data an integral of the bi-exponential model was calculated to 
time->infinity
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4.3.15 MIRD Dosimetry

An assessment of toxicity to normal tissues was measured by estimating 
the total absorbed dose of 131% using the MIRD schema. The quantitative data 
generated from blood counting and SPECT imaging of the 8 patients receiving 
131l-hDFM was used to calculate the residence time of activity in normal tissues. 
The data was corrected for absorbed dose contributions from adjacent organs 
using the MIRD weighting system for individual tissues (for the standard 70 kg 
man). Total estimates of absorbed dose are shown in Table 4.5. For comparative 
purposes MIRD dose estimates for 19 patients treated with mF(ab')2 are also 
included in Table 4.5.

The red bone marrow is highly radiosensitive and myelosuppression often 
limits the total dose that may be administered therapeutically (Siegel et a l, 1990). 
It is therefore important to assess the toxicity to bone marrow and other 
radiosensitive organs such as the kidney in low-dose clinical studies such as the 
one described here, to predict possible toxicity on administration of higher doses. 
Dose to the red bone marrow is usually assumed to be proportional to the blood 
dose, where marrow dose is equivalent to blood dose x 0.4 (Siegel et al., 1990). In 
this study dose to the bone marrow per MBq injected for ^31%_hDFM was similar 
to that of 1311-mF(ab')2.

However, total absorbed dose was significantly greater for 131i_hDFM 
compared to 131%_mF(ab')2, and this was due to the high contribution from the 
kidney and bladder doses. It is difficult to obtain reliable estimates for bladder 
dose by gamma camera imaging due to the wide variation in dilution effects of 
urine. Therefore total dose has been calculated in Table 4.5 with and without 
bladder contribution. Total dose for 131i_hDFM was 2.64-fold (inc. bladder) and 
1.75-fold (exc. bladder) greater than for 131i_niF(ab')2. This relatively high dose 
to the kidneys on administration of 131i_hDFM can therefore limit the dose that 
may be administered therapeutically.
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Tissues hDFM mF(ab')2

Bone (red marrow) 0.067 0.076

Bone surface 0.040 0.048

Breast 0.017 0.042

Gonads 0.054 0.016

Lung 0.100 0.258

Thyroid 0.004 0.010

Colon 0.097 0.015

Liver 0.137 0.141

Stomach 0.052 0.037

Kidney 1.960 0.805

Bladder (2.840) (0.589)

Total dose 2.528 (5.368) 1.448 (2.037)

Table 4.6: Estimated absorbed doses of p-radiation using the MIRD schema correcting 
for cross-organ doses. Estimated results are expressed as mGy/MBq. Total estimated 
absorbed dose including bladder is the value in brackets and without bladder is the figure 
with no brackets.

4.3.16 Pharmacokinetics

4.3.16.1 HPLC plasma analysis
The stability of l^lj-hDFM was assessed by analysis of plasma samples at 

10 min, 2 h, 5 h, 24 h, 48 h and 72 h by HPLC for the presence of immune 
complexes and breakdown products. An example of the HPLC traces produced 
for each sample from the same patient are illustrated in Figure 4.17A. The 
overlay of the traces demonstrates elution of a large peak at lOOkD and a smaller 
peak of approximately 1.35kD, for hDFM and tmconjugated iodine respectively. 
Although complete separation of hDFM (lOOkD) and hFab' (50kD) was not 
possible in this system (refer to molecular weight markers), since there was no 
shift in the peak for hDFM to favour lower fractions, it was assumed that there 
was no breakdown in the plasma of hDFM to hFab' in the 8 patients studied. The 
re-purified hDFM that was administered to patient 7 eluted as a sharper peak
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Figure 4.17: Gel filtration HPLC analysis of plasma samples collected from patients 
injected with ^^H-hDFM. (A) shows an example of the traces produced at each time 
point for patient 2, (B) clearance of hDFM in plasma for each patient over time.
Molecular weight markers are shown in kD.
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Figure 4.18; Gel filtration HPLC analysis of a plasma sample (in duplicate) collected 
from a patient (no 3) injected with ^31j_hDFM. High molecular weight aggregate 
formation for this patient with a high level of circulating CEA is shown. Molecular 
weight markers are shown (kD).
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compared to traces for the other patients (data not shown), and again there was 
no evidence of a shift in the large peak towards lower molecular weight fractions.

Low levels of breakdown products at lower molecular weight fractions 
were observed for all patients and increased as a % of the total recovered counts 
over time. The calibration markers revealed that the molecular weight of this 
peak was <1.3 kD, and it is therefore likely that this peak is free iodine which is 
released from antibody over time. An example for one patient demonstrated that 
at 10 min post injection 2% of recovered activity eluted as free iodine and this 
increased over time to 20% at 72 h.

Figure 4.17B illustrates the clearance of hDFM from the plasma over time 
for the 8 patients entered into this study. Maximum levels of hDFM in the 
plasma were 0.104-0.269 |Xg/ml immediately after infusion which declined 
thereafter.

Low levels of aggregates, in the form of radioactivity appearing in high 
molecular weight fractions (void volume), was usually observed at later time 
points. This appeared to be related to the amount of CEA antigen in the 
circulation measured by serum ELISA. For 2 patients with relatively low levels 
of serum CEA (<10 |ig /m l) total aggregate formation to 26 h was <3.2% and 
<7.5% up to 72 h. For 5 patients with intermediate levels of serum CEA (15- 
79|ig/m l), aggregate formation to 24 h of <11.9% and <23.3% to 72 h was 
observed. For one patient (patient 3) with a very high serum CEA level 
(2039pg/ml) a large amount of aggregate formation was observed. Figure 4.18 
illustrates the plasma FIPLC trace at 10 min post injection. Total aggregate 
formation to 24 h of ^9%  was observed which decreased slightly over time to 72 
h (<16.4%). Overall clearance of the hDFM peak for patient 3 was slightly faster 
than for most of the other patients (refer to Figure 4.17B) but similar to patient 1, 
who had the next highest level of CEA (79 jig/m l). It is therefore likely that these 
aggregates were in the form of immune complexes consisting of serum CEA and 
hDFM, which resulted in faster clearance of primary antibody from the 
circulation.

4.3.16.2 Immunoreactivity
Plasma samples were also analysed for binding to CEA coated ELISA 

plates as a measure of immunoreactivity. Positive binding (CPM) to CEA 
compared to control PBS wells was observed for all samples on the day of 
administration. However, since a large amount of antibody was cleared from the 
circulation in the first 24 h, the dilution factor was too great to measure binding 
on subsequent days post administration.
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4.3.16.3 Urine analysis

HPLC analysis of urine samples was also performed for 3 patients, as 
described above for plasma analysis. A single low molecular weight peak was 
observed for all samples of <1.3 kD, characteristic of free iodine, there was no 
evidence of hDFM or hFab' elution.

Samples of urine were analysed by SDS PAGE and autoradiography. For 
most patients there was no evidence of breakdown products in the urine, 
including patient 7 who received the re-purified hDFM. For 3 patients low  
molecular bands in urine samples were observed (refer to Figure 4.19A). These 
consisted of a major band at 50kD and a band at 25kD characteristic of molecular 
weight of hFab' and light chain respectively. Urine samples were also western 
blotted as illustrated in Figure 4.19B. The immunoblot was detected with anti
human Fab' and produced identical bands at 50kD consistent with the presence 
of hFab'. It is not clear whether the hFab' in urine samples consisted of the small 
amount of hFab' present in the original hDFM preparation or whether a 
proportion of hDFM is catabolised by the kidney to hFab' and excreted in this 
form.

4.3.16.3 Immunogenicity
Pre-treatment and post treatment (>14 day) serum samples were routinely 

collected to monitor immunogenicity. Results were expressed in Figure 4.20 as 
relative HAMA response, by dividing post treatment by the pre-treatment 
values, where 1 is equivalent to no change. There was an increase in both IgM 
and IgG HAMA titre for patient 3 and there was evidence of a minor response in 
IgM titre for patient 5. There was no evidence of IgM or IgG response in the 
remaining 6 patients in this study. Patient 3 was known to have a very high level 
of circulating CEA and formation of immune complexes was observed by HPLC 
within 10 minutes of antibody administration. It is therefore possible that the 
immune complexes may increase the propensity to evoke an immune response 
due to complex recognition by cells of the immune system.
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Figure 4.19: (A) SDS PAGE analysis (4-20% polyacrylamide) and auradiography 
of non-reduced urine samples at various time intervals from patient 5. (B) Western 
blotting of the same urine samples, immunoblotted with anti-human Fab' and 
detected with ECL. Molecular weight markers (kD) are shown.
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Figure 4.20: Immunogenicity analysis of hDFM for (A) IgM and (B) IgG response 
measured by ELISA. Samples are analysed in duplicate pre and post administration of 
hDFM using the same ELISA plate for each patient. Results are expressed as a relative 
increase in HAMA by dividing the post treatment result (mean) by the corresponding pre
treatment result, for 4 dilutions of test serum.
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4.4 Discussion

A  combination of molecular and chemical cross-linking technologies have 
been employed here to generate new antibody constructs that have advantages 
over conventional intact antibodies and their fragments. A potentially less 
immunogenic humanised version of A5B7 hFab' has been modified to contain a 
single cysteine residue to allow multimerisation to higher valency forms by 
chemical cross-linking. Humanised whole A5B7 was not available but are-  
oxidised hF(ab')2 was generated for comparative purposes.

Kinetic analysis of mono-, divalent and trivalent humanised fragments 
demonstrated similar binding characteristics and affinity constants to 
corresponding murine versions described in the previous results chapter. 
Multimeric species proved to have a substantial advantage over monomeric 
hFab' in terms of faster on-rate and slower off-rates. Again hDFM had the fastest 
on-rate followed by hXFM, and hXFM showed a slight advantage to all other 
antibody forms in terms of slower off-rate. Similar binding for re-oxidised 
hF(ab')2 and hDFM was observed by immunoassay, but more detailed analysis 
of binding revealed a 2-fold faster on-rate and a 1.4-fold slower off-rate of hDFM 
compared to hF(ab')2- Xhis improvement in binding may be a consequence of 
increased flexibility of the thioether bond compared to the disulphide bond 
allowing more rapid binding to differently spaced surface antigen.

Antibodies naturally vary in flexibility depending on the isotype and 
hinge configuration (Phillips et al., 1994). Antibodies with longer hinge regions 
(for example IgC3 hinge with 5 inter heavy-chain disulphide bonds) are known 
to have greater flexibility than those with shorter hinges (for example IgG4 with 
2 inter-heavy chain disulphide bonds). Xherefore, constructs with an IgG3 hinge 
region may also prove to have increased flexibility and stability which may also 
improve kinetic binding parameters.

In vivo experiments also demonstrated significantly improved tumour 
targeting of hDFM compared to hF(ab')2. Xhis advantage was not observed for 
murine DFM and F(ab')2 (refer to chapter 3) and is probably due to the enhanced 

stability of 3 inter-heavy chain disulphide bonds at the hinge region 
characteristic of murine IgGl antibodies compared to only one disulphide bond 
for hF(ab')2- However, HPLC analysis of plasma collected from mice injected 
with radiolabelled conjugates did not provide evidence of reduced stability of 
hP(ab')2 in vivo. Further analysis of plasma at earlier time points, or detailed 
analysis of antibody degradation within tissues (Kyriakos et a l ,  1992) may be 
required to confirm this finding.

Different F(ab')2 fragments are known to have different in vivo stabilities. 
For example in a study comparing murine F(ab')2 from an IgGl antibody with 
chimeric F(ab')2 of subclasses 1,2 and 4, it was reported that IgG4 cF(ab')2
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fragments were relatively unstable in vivo, IgC2 cF(ab')2 the most stable and 
murine IgGl and IgG cF(ab')2 of intermediate stability (Buchegger et ah, 1992). 
A5B7 hFab' has an IgGl isotype with a y4 hinge region, therefore changing the 
subclass of hA5B7 Fab' to IgG2 may improve in vivo stability.

Antibodies have also been stabilised by insertion of additional disulphide 
bonds at the hinge region, (Carteret ah, 1992) and have shown slower clearance 
similar to that observed for cross-linked antibodies (King et ah, 1994). However, 
several drawbacks in terms of variable expression yields and mixed populations 
of multiple disulphide F(ab')2 fragments were observed (Carter et al., 1992). 
Therefore, the methodology involving maleimide cross-linking of a 
homogeneous population of Fab' to dimeric species containing one maleimide 
bond may be a more reproducible and easily transferable method.

The biodistribution pattern of hTFM was different to the divalent 
constructs, in that a longer residence time in the circulation led to higher 
accumulation in the tumour over time. Again there was notably faster clearance 
of hTFM compared to the corresponding murine fragments as was observed for 
both hDFM and hF(ab')2. This observation has been reported in a previous study 
using a similar hTFM construct of the antibody A33 (King et at., 1995). The 
biodistribution of radiolabelled hTFM was compared in various animal species, 
including mice, guinea pigs and monkeys and the data indicated that this 
phenomenon was shown to be specific to mice. In the other species there was a 
clear differential between the slower clearance of hIgG from the circulation 
compared to antibody fragments hDFM and hTFM. Clinical studies with 
chimeric and humanised antibodies have suggested that these recombinant 
antibodies have a substantially longer circulation half-life than murine antibodies 
(LoBuglio et al., 1989; Stephens et a l ,  1995). Therefore it would be expected that 
humanised antibody fragments such as hDFM or hTFM would have a longer 
residence time in man but will still retain the benefits of faster blood clearance 
compared to whole hIgG, producing higher therapeutic ratios.

Production of hDFM suitable for clinical use enabled the first recombinant 
and cross-linked form of A5B7 to be administered to patients. This product was 
also one of the first antibodies to be produced in bacteria for the clinic. The area 
of large scale production of antibodies in bacteria is relatively new. Although 
yields of Fab's and Fv's in excess of 500 mgl'I have been reported (Carter et al., 
1992) there is considerable variation in yield between different antibodies.

Greater yields can be obtained in fermentors as opposed to shake flasks as 
greater control of growth conditions is possible. However, there are many 
parameters to be considered to optimise yield of antibody fragments, and sub- 
optimal conditions can lead to wide variations. Fermentation of A5B7 hFab' 
expressed in E. coli generated up to 10 mg/1 of product, under conditions that
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have subsequently been further optimised (N. Weir - personal communication). 
Production yields can also vary greatly depending on plasmid stability, therefore 
it is a major requirement that plasmid stability during fermentation be 
monitored. The stability of plasmid A5B7 hFab' was measured by counting the 
number of colonies containing insert from a sample of the inoculum fermentation 
(141) and production fermentation (100 1). There was some loss of functional 
plasmid during fermentation (<20%) but this was mainly due to the lack of 
antibiotic post induction. Recent progress in antibody production has led to the 
identification of template sequences for high expression titres of hFab' in E. coli 
(Carter et al., 1992).

Purification yields during processing steps are also important parameters 
to optimise. A5B7 hFab' was purified using Streamline® A expanded bed 
chromatography. This system is suitable for large scale bacterial fermentations 
due to its high specificity and binding capacity, and eliminates the need for 
expensive downstream processing clarification and concentration steps. A  
relatively high yield of hFab' was produced using Streamline® A compared to 
that generated with the use of two another commercially available protein A 
resins: Prosep®-A and Hyper D® (L. Chaplin-personal communication). 
Advantages included a higher binding capacity, higher purity and ability to re
use without deterioration in binding ability.

It is a requirement of any regulatory organisation that new drugs to be 
administered for phase I/II clinical studies be thoroughly characterised and 
analysed for safety. This includes validation of cell lines, production and 
purification processes to assess the safety of administration, and in vivo 
characterisation and toxicity studies (Begent et al., 1993). One of the major 
advantages of antibody production in bacteria is the non-requirement for 
extensive viral testing which is expensive and time consuming.

Storage conditions are important to assess prior to clinical use. However, 
one of the problems associated with any clinical study is the length of time 
allocated to this. Short term stability studies for A5B7 hDFM were performed, 
but longer term stability (1 year) revealed that storage conditions were sub- 
optimal and resulted in some breakdown to hFab'. Extensive stability studies of 
hDFM in various buffers at different temperatures are a necessary requirement 
before further clinical studies with this antibody are planned. Recent stability 
studies with other cross-linked antibodies have shown improved stability when 
stored in a lower pH buffer (pH 5.5-6) or in a lyophilised form.

In the pilot imaging study of 8 patients injected with^^l I-hDFM, at least 
one known tumour site was localised in all patients with tumour recurrence.
This provided clinically useful information in either confirming patients had 
recurrent disease, identifying a new lesion (1 patient), or confirming there was no
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disease (1 patient). The 3 false negative findings were in 2 patients. In one 
patient a lung metastasis and local recurrence and in the other a lung metastasis, 
were not disclosed by antibody imaging but were seen by CT. Inability to detect 
small lesions especially in the lung has imposed a problem with other anti-CEA 
antibodies used for RAID (Sharkey et ah, 1995).

Blood clearance kinetics defined in all 8 patients demonstrated similar 
blood clearance and half-lives to mP(ab')2 in man. This was surprising as direct 
comparisons for murine parent antibodies and engineered chimeric or 
humanised versions of the same antibody have frequently resulted in prolonged 
half-lives (LoBuglio et a l ,  1989). However, a direct comparison of humanised 
antibody fragments with the murine equivalent has not been carried out 
previously. Also half-life is known to be dependent on protein dose, resulting in 
an increased clearance rate of lower doses of the same antibody (Stephens et a l,  
1995). This may be particularly relevant when circulating antigen may be present 
as in this case. A relatively high dose of A5B7 mP(ab')2 (10 mg per patient) was 
administered to patients for RIT compared to the imaging dose of 0.5 mg hDFM 
administered in this study. Therefore a longer circulating half-life may be 
observed for higher therapy doses of hDFM.

Some studies have attempted to address the relationship of circulating 
antigen and half-life (Davidson et a l,  1991; Behr et a l ,  1996a; Pimm, 1995). In one 
study, data from 275 patients was analysed, and results implied that antibodies 
administered to patients with normal plasma CPA (<5 p g/l) had longer half-lives 
than in patients with CPA levels in excess of 10 pg/1 (Behr et a l ,  1996a). In this 
study only one patient had a CPA level <5 pg/1 (patient 7) and the plasma or 
blood half-life was not significantly different to the other patients. However for 
one patient with very high levels of CPA (2039 |ig /l)  formation of antibody 
complexes was observed by HPLC soon after antibody administration. This 
resulted in faster clearance of hDFM from the circulation and a corresponding 
shorter p-half life in blood of 14 h compared to the median of 20.7 h.

Pimm (1995) has recently reviewed studies on the influence that 
circulating antigen may have with respect to targeting and whole body kinetics 
in mice and man. For murine antibodies in mice, immune complexes are formed 
when high levels of circulating antigen are present and these are rapidly cleared 
resulting in low tumour uptake. In contrast, various studies have reported that 
immune complexes in patients circulate for longer periods and do not appear to 
compromise RAID. In a multicentre study it was concluded that imaging 
sensitivity tended to be higher in patients with elevated levels of TAG 72 antigen 
(Doerr et a l,  1991). The introduction of recombinant chimeric or humanised 
antibodies in place of murine antibodies could however result in a similar 
situation to murine antibodies in mice, but as yet this area has not yet been
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thoroughly investigated. In the present study, one patient (no 3) with very high 
circulating CEA showed complexation and lower tumour uptake levels 
especially at early time points (2 h: 0.9%ia/kg, median value 4%), as a result of 
more rapid clearance of hDFM from the circulation. Despite this however, 
positive tumour imaging was reported.

There is conflicting evidence regarding whether the presence of circulating 
antigen interferes with uptake of radiolabel by the liver. Some studies have 
reported no relationship between the levels of circulating antigen (including 
CEA) and liver clearance (Hnatowich et al., 1985; Hnatowich et a l ,  1987), whereas 
others have reported rapid metabolic processing of immune complexes in the 
liver (Davidson et a l,  1991; Onuchi et al., 1996). In the present study for patient 3, 
high liver uptake was observed up to 4 h post injection which decreased to 
normal levels 24 h after injection. Therefore the above discrepancies may be in 
part a consequence of variation in imaging times, and rapid proteolysis of 
immune complexes at early time points may have been overlooked.

Breakdown of immune complexes in the liver will result in low molecular 
weight metabolites that are excreted in the urine. For patient 3 urine analysis 
revealed the presence of low molecular weight hFab' and light chain by SDS 
PAGE. However, for 2 other patients with relatively low circulating CEA levels, 
similar metabolites were visible in the urine and half-life and pharmacokinetics 
were not compromised; furthermore HPLC analysis indicated that none of the 8 
patients receiving hDFM exhibited dissociation to component Fab' fragments 
after injection. But, clearance of resulting small molecular weight metabolites 
could have been cleared too rapidly to allow detection using this method. There 
appears to be no link between presence of low molecular weight metabolites and 
the level of CEA or half-life. However, further analysis is required to study the 
effect of increasing levels of CEA on tumour targeting and pharmacokinetics in 
clinical studies with various doses of radiolabelled recombinant antibodies.

The biodistribution of I-hDFM was extensively studied by gamma 
camera imaging at various scanning times to enable quantification of absorbed 
dose to radiosensitive organs. The results were compared to similar clinical data 
using 131l-mF(ab')2 (Lane et ah, 1994) in an attempt to assess whether I-hDFM 
would be a better candidate for RIT studies. AUC and MIRD estimates indicated 
a similar biodistribution and clearance of both murine and humanised fragments 
except for high kidney uptake of I-hDFM. In nude mice similar 
biodistribution patterns including kidney uptake were observed for l^^I-labelled 
hDFM, mDFM and mF(ab')2, implying that this high kidney uptake of 1- 
hDFM was specific only to man. Kidney uptake levels were substantially 
reduced (13-29%) on administration of re-purified hDFM which implies that the 
presence of Fab' contributes to the high kidney dose. This suggests that overall
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kidney dose would be up to 29% lower if Fab' was not present in the hDFM 
preparation. Administration of re-purified hDFM to a larger number of patients 
is required to confirm this finding.

It is unclear why there are major differences in kidney uptake of hDFM 
and mF(ab')2, the altered clearance pattern of similar sized molecules suggests 
that other factors such as shape and charge may also influence the rate of 
clearance via the kidney (Sumpio & Flayslett, 1985). The presence of the 
thioether bond could in some way affect the clearance of hDFM leading to non
specific uptake by the renal tubules. High stability of the thioether bond could 
result in slower catabolism resulting in a longer kidney residence time. Or 
breakdown fragments could clear too fast to be detected. Dosimetry estimates 
indicate that the dose limiting organ for hDFM is the kidney, and if hDFM is to 
be considered for RIT it would obviously be desirable to reduce kidney levels of 
activity. Strategies for reducing kidney accumulation of antibody fragments will 
be examined in more detail in chapter 6.

The maximum tolerated doses (MTD) for radiosensitive organs such as 
red bone marrow and kidney have been evaluated by conventional radiotherapy 
studies to be <200 cGy and <1500 cGy respectively (Fawwaz et al., 1986). 
Therefore, by considering these limits the maximum tolerated activity can be 
estimated using the MIRD dosimetry calculations for 1̂ 1 I-hDFM and 1̂ 1 p 
mF(ab')2 illustrated in Table 4.6. The MTD that allows for maximum kidney 
tolerance would be: 1500/0.196 = 7.65 GBq for HlphOPM, and 1500/0.0805 =
18.6 GBq for 131 i_niF(ab')2; and for maximum tolerance to the red marrow and 
bone surface: 200/0.0107 = 18.7 GBq for HI I-hDFM, and 200/0.0124 = 16.1 GBq 
for 131i-mF(ab')2. This implies that the dose limiting organ for both hDFM and 
mF(ab')2 is the kidney. However, these are estimated doses, and an organised 
dose escalation study involving detailed toxicity assessment is required before a 
true MTD is obtained. The MTD for A5B7 Hl%_nnF(ab')2 has previously been 
shown to be approx 3.29 GBq/m^ (Lane et ah, 1994), and in this case 
myelosuppression not kidney toxicity was the limiting factor. This implies in 
some way that the MIRD weighting for red marrow is underestimated, as toxicity 
was observed at much lower levels than was anticipated using the MIRD 
estimates.

In the present study only one patient elicited a positive immune response 
2 weeks after H1%_A5B7 hDFM injection. However, this patient also had a level 
of high circulating CEA and evidence of immune complexes soon after antibody 
injection. Immune complexes may cause an increase in the propensity to 
produce anti-antibodies due to increased recognition by cells of the immune 
system. This is effectively similar to the natural host defence mechanism by the 
immune system on attack by a foreign antigen when host antibodies complex
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with antigen and present the antigen as foreign to cells of the immune system  
(Roitt, 1991). A similar mechanism may occurring here when circulating host 
antigen complexes with foreign antibody.

Direct comparisons regarding the immunogenicity of hDFM compared to 
mF(ab')2 were not possible. Patients treated with mF(ab')2 were 
immunosuppressed with cyclosporin A (Ledermarm et al., 1991) to enable 
repeated courses of RIT, and the doses of antibody (10 mg) were also much 
greater than the scanning doses (0.5 mg) administered in this study.

There have been only a few reports describing the immunogenicity of 
humanised antibodies in clinical studies, and as yet no studies involving 
humanised fragments. Hale et al., (1988) reported that lymphoma patients 
treated with multiple doses of this antibody showed no antibody response to a 
humanised version of CAMPATH-IH. In a further study CAMPATH-IH was 
administered to rheumatoid arthritis patients repeatedly over 10 days. No 
immune response was reported following this first course of treatment but 
following the second course of treatment 3 /4  patients showed a detectable 
immune response. However this immune response was not characterised. In 
another study the humanised antibody CDP571 was administered as a single 
dose ranging from 0.1-10 m gkg'l to human volunteers (Stephens et al., 1995). At 
low doses a weak immune response of IgM anti-idiotype was detectable and at 
higher doses responses were lower or undetectable. In a pilot imaging study 
none of the 4 patients with B-cell lymphomas receiving 2 mg of the humanised 
LL2 antibody developed an immune response (Juweid et a l ,  1995). In a further 
small study 8 patients received the anti-CEA humanised hMN-14 antibody (0.5- 
20 mg) and the immune response was measured in 5 patients (Sharkey et al., 
1995). Four of these patients received 2-3 injections and two received high 
protein doses (10-20 mg). An immune response was not recorded for any of 
these patients during the 4-5 week follow up period.

These initial results suggest that humanised antibodies are less 
immunogenic than murine antibodies, especially at higher concentrations, and 
therefore should enable repeated administration. However, all of the above 
studies, including the one described here, involved small numbers of patients, 
low doses and usually only one injection of humanised antibody. Further 
analysis is necessary to study the immune response of humanised antibodies and 
fragments in larger clinical studies. If hDFM is to be considered for RIT, studies 
must be performed to determine whether the immunogenicity of hDFM will 
remain low at higher doses and after multiple injections. Furthermore the 
potential immunogenicity of the maleimide/macrocycle linker is a significant 
issue. Clearly, in future clinical studies involving higher doses of antibodies or 
fragments containing the macrocycle chelator and/or maleimide cross-linker



193
characterisation of the immune response is essential Anti-macrocycle responses 
in patients have previously been described by Kosmas et ah, (1992). However the 
macrocycle chelator used in this and similar studies (King et al., 1995; Antoniw et 
al., 1996) differs in structure and did not elicit an immune response in mice using 
conditions that normally favour effective immunisation (King et al., 1995). There 
have to date been no reported studies to indicate that the maleimide linker is 
immunogenic in animals or patients.
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Chapter 5

PREPARATION OF SINGLE CHAIN FV ANTIBODIES FOR A CLINICAL 
PHASE I/II IMAGING STUDY AND PRODUCTION OF A CONSTRUCT FOR 
TECHNETIUM LABELLING AND MULTIMERISATION.

5.1 Introduction
Small antibody fragments are potentially more effective in clinical imaging 

studies due to their rapid penetration and high tumour to background ratios at 
early time points (Colcher et al., 1990; Yokota et al., 1992). The advent of phage 
technology has permitted the generation of a large number of scFv's which can 
be selected for desired characteristics. For example high affinity scFv's can be 
selected from large libraries for potential clinical use (Hawkins et al., 1992). MFE- 
23 is a high affinity scFv antibody (Kd= 2.5 1.3 nM /L, measured by
fluorescence quench) which was selected from a pHEN phagemid library 
generated by immunising Balb c mice with CEA (Chester et al., 1994). This scFv 
w as also shown to have distinct advantages both in vitro and in vivo over a scFv 
derived from the Mab A5B7 (Verhaar et ah, 1995). MFE-23 is one of the first scFv 
antibodies to be generated using this technology and the first scFv to be used 
clinically.

ScFv's can be expressed in soluble form in mammalian cells or 
alternatively in E.coli . Since the fermentation of bacteria is both rapid and 
inexpensive, it could form the basis for an improved method of production for 
clinical studies (Chester et ah, 1994). It is therefore essential that purification 
systems adapt to handling large volumes of bacterial extracts and validation 
studies are performed to ensure removal of contaminants by the various 
chromatographic steps, as described in the last chapter for hA5B7 Fab'.

Traditionally, Mab's and antibody fragments have been purified using 
immunoaffinity or ion exchange chromatography. Anti-CEA antibodies can be 
purified using antigen affinity columns, which are highly specific but consist of 
tumour derived antigen which tends to leach out during elution of antibody. 
Clearly, this is undesirable when purifying clinical grade material. In addition it 
is often impractical and costly to scale-up antigen columns to handle large 
volumes of material. Ion exchange chromatography overcomes some of these 
problems, but has other disadvantages such as low selectivity and instability at 
low  ionic strengths leading to precipitation of protein during the procedure.

Recombinant DNA technology enables insertion of specific sequences or 
genes by fusion to the protein of interest; which can provide "affinity handles" 
designed to bind specific matrices enabling the selective purification of the
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protein of interest. Examples of affinity tail fusion proteins include protein A, p- 
galactosidase and maltose binding protein (reviewed by Narayan, 1994). 
However, problems encountered when using these particular affinity tags 
include the incorrect folding of recombinant molecules masking the ligand 
binding site, and the requirement to cleave off the fusion protein and repurify the 
parent protein. C-myc oncoprotein fusion tags have been widely used to ease the 
detection of recombinant proteins via an anti-c-myc antibody. However, for the 
preparation of clinical products the use of oncogene derived determinants such 
as c-myc is not desirable.

An improved purification process applicable to scFv's has been developed 
by genetically engineering sequences of amino acid tails or tags away from the 
antigen binding site by insertion at the N  or C-terminus. In a study carried out 
by Skerra et al., (1991), it was reported that the addition of a 5 amino acid poly 
histidine tail proved to be a stable product which could be purified by 
immobilised metal ion affinity chromatography (IMAC) making the use of its 
high affinity for transition metal ions. Subsequently 6 x his amino acid tags have 
proved to be equally efficient for routine purification of scFv's (Skerra, 1994). 
IMAC and the mechanism of protein interaction with immobilised metal ions is 
described in more detail in Appendix 3.

The aim in this chapter was to establish a purification scheme based on 
IMAC for MFE-23 produced in E. coli with the aid of a his-tag, and to scale-up the 
process for production of clinical grade material.

1231 was the radionuclide of choice for clinical investigation of MFE-23- 
His, due to the favourable energy of gamma emission for imaging and the short 
half-life (12.3h) which matched the expected blood clearance of scFv's. However, 
labelling with 99mxc may be more advantageous for routine imaging because the 
isotope is readily available, relatively inexpensive and does not require thyroid 
blocking.

Various strategies have been employed to accommodate ^^^Tc-labelling 
of scFv's, usually involving modification of the scFv to contain a free sulphydryl 
group. This group is essential for radiolabelling with 99mjc, and chemical 
conjugates have been constructed to prepare ^^Tc-labelled scFv species 
(Nedelman et ah, 1993). However, to avoid reduction in immunoreactivity by 
chemical conjugation, various constructs involving engineering of a free cysteine 
group (Verhaar et al., 1996) or cysteinyl peptide (George et al., 1995; Libératoire et 
al., 1995) to the N- or C-terminus have been synthesised to allow site-specific 
99m'Pc labelling.

Another advantage of the presence of a free sulphydryl group close to the 
C-terminus of scFv's is to facilitate site-specific dimérisation. Several strategies 
have been exploited to assemble divalent scFv species. Dimers of scFv's have
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been generated by connecting two scFv's by an additional peptide (Mallender et 
ah, 1994), or by disulphide bridge formation through C-terminal cysteine 
residues (Adams et al., 1993; Kipriyanov et al., 1994), that may be further 
stabilised using chemical cross-linking (King et ah, 1994; Adams et al., 1993). 
Others have fused scFv's to protein domains capable of multimerisation, for 
example leucine zippers (Pack & Pluckthun, 1992), streptavidin (Dubel et al.,
1995) or antibody constant domains (McGregor et a l,  1994; Hu et al., 1996) to 
induce dimer formation. Alternatively, certain constructs spontaneously form 
non-covalent dimers or diabodies (Poljak, 1994), especially when shorter linkers 
are used (Pack & Pluckthun, 1992).

Recent biodistribution studies demonstrate that scFv dimers or trimers 
show improved targeting compared to their monomers (Adams et a l ,  1993; Tai et 
al., 1995; King et a l ,  1994). This is probably the result of a longer biological half- 
life due to higher molecular weight and a gain in avidity by these multivalent 
scFv's.

In this chapter a further aim was to subclone a peptide sequence 
consisting of the y4 genetic antibody hinge region (Stevenson, 1997) modified to 

the C-terminus of MFE-23. This new construct should increase the usefulness of 
MFE-23 to facilitate site-specific 99m'pc labelling and the synthesis of higher 
valency forms.
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5.2 Materials & methods

Section I

5.2.1 Subcloning and expression ofMFE-23
The gene encoding MFE-23 was subcloned into a pUC 119 expression 

vector to contain 6 x his at the C-terminus; Figure 5.1 illustrates a schematic 
representation of the MFE-23-His vector. The construct was transfected into E. 
coli TGI cells using electroporation and plated onto 2TY (amp/glu) agar (refer to 
chapter 2 section 2.8.6). An individual colony was used to produce a seed lot in 
accordance with safety guidelines (Begent et al, 1993) and DNA sequencing was 
employed to confirm identity. The above procedures were performed by Ms L. 
Robson in the Dept. Clinical Oncology.

MFE-23-His was expressed in 2 1 shake flasks (section 2.8.11) and the 
culture supernatant concentrated and dialysed using an Amicon ultrafiltration 
system (section 2.6.3.1).

N c o  I

PelB (Gly^Ser),
linker

N o t  I
VL MFE-23VH MFE-23

His tag

HIS TAG...

VL.
H H H H H H *  * 

.CATCACCATCATCACCATTAATAA

Figure 5.1: Schematic representation of MFE-23 subcloned for expression containing the 
gene for 6 x his at the C terminus. For antibody expression the vector (Hawkins et al,  
1994) contains a Pel B signal sequence which directs scFv into the bacterial periplasm, 
from here the scFv is released into the supernatant (Pluckthun, 1990). * Denotes stop 
codon.
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5.2.2 Purification ofMFE-23-His using IMAC

Initial studies were performed on a small scale (30-100 ml bacterial 
supernatant) to select metal ions (copper, nickel or zinc) most appropriate for 
purification with IMAC, using the method described in chapter 2 section 2.6.3.I. 
The process was then developed for larger scale (41) clinical production of MFE- 
23-His. A further gel filtration step (chapter 2 section 2.6.3.2) followed by 
endotoxin removal using detoxi gel (section 2.6.4.1) was necessary for the 
production of clinical grade material.

5.2.3 Characterisation and safety analysis ofMFE-23-His
For the clinical batch of MFE-23-His immunoreactivity and purity was 

assessed before and after radiolabelling using ELISA, SDS PAGE and gel 
filtration (chapter 2 sections 2.3,2.4 and 2.9.5).

Safety testing and toxicology was performed (chapter 2 section 2.6.5) 
according to the CRC guidelines for administration of recombinant proteins 
(Begent et al., 1993), to ensure the final product was suitable for patient 
administration. Additional analysis was carried out to assess the extent of IMAC 
(Cu^+) ligand leaching. Levels of Cu^+ in the final product was measured by 
flame photometry by the Trace elements laboratory (Robens Institute, Surrey 
University).

Detailed characterisation of immunohistochemical reactivity was 
performed by Mr G. Boxer (Dept. Clinical Oncology) using acetone fixed sections 
of normal human tissues and adenocarcinomas of the colon from 10 individual 
patients.

MFE-23-His was radiolabelled with l^ Î and a biodistribution experiment 
in nude mice bearing LS174T xenografts was performed to ensure localisation of 
the patient material to tumours in vivo .

5.2.4 Quality control
To assess the quality and reproducibility of radiolabelling, each aliquot of 

l^^I-MFE-23-His to be administered to patients was characterised for % 
incorporation, stability and immunoreactivity using techniques described in 
chapter 2 section 2.4 and 2.9. Radiolabelling and analysis of patient aliquots was 
performed on a rotational basis by Dr P. Keep, Dr M. Verhaar and myself.

5.2.5 Clinical study
A  phase I/II single centre open study of 10 patients with colorectal or 

other CE A producing tumours was performed. Design of this imaging study 
was similar to that of l^^I-hDEM described in detail in the last chapter (chapter 4 
section 4.2.7). The overall objectives of this study were similar to those described



200
for 131i_hDFM, with the exception of assessment for RIT; MFE-23-His was 
considered here solely as an imaging agent. Scanning of patients was performed 
at approximately 1 h, 4 h and 22 h post injection by Dr A. Green and colleagues. 
Patient recruitment was organised by Dr M. Verhaar, Professor R.H.J. Begent and 
Ms. L. Fïope-stone (research nurse). Dosimetry and MIRD estimates were 
performed by Ms C. Johnson and Dr M. Napier.

5.2.6 Pharmacokinetics
Samples of blood and urine were collected by Dr M. Verhaar at each 

scanning time and counted in duplicate using a gamma counter. Half life in 
blood was calculated by fitting the data to a bi-exponential model (chapter 2, 
section 2.12.2). Urine and plasma was analysed by SDS PAGE and 
autoradiography (section 2.10). Immunogenicity was assessed for each patient 
before and after injection by analysis for the presence of immune complexes 
(section 2.10.1.3).

Section II

5.2.7 Subclonin^ of MFE-23

The human y4 genetic hinge region containing a single cysteine residue 
additional 5 amino acids of the CHI domain was inserted at the C-terminus of 
MFE-23-His. The new construct was also designed to contain a C-terminal 6 x his 
tag, and is referred to here as MFE-23-H-His.

An outline of the cloning strategy employed is described in Figure 5.2, and 
a more detailed account is described below. For methods refer to chapter 2 
section 2.8.

Oligonucliotide primers were designed to amplify the human y4 hinge 
region (12 amino acids) and the last 5 amino acids of the CHI domain contained 
in the vector pMR455 by PCR. The reverse primer (JC REV) was synthesised to 
prime 11 amino acids upstream of the hinge sequence and 3 amino acids were 
modified to incorporate a 5' Not I restriction site. The forward primer (JC FOR L) 
was synthesised complementary to the template to contain 2 stop codons, an Eco 
R1 site, a 6  X his-tag and 6  amino acids at the 3' end of the hinge sequence. Total 
insert DNA between Not I and Eco R1 restriction sites consisted of 23 amino 
acids : CHI (5 amino acids) hinge region (12 amino acids) and his-tag (6 amino 
acids).

Amplification of the CHl-hinge region was performed on a large scale 
(400 pi) to synthesise insert DNA which was then purified in solution using the 
MERmaid kit.
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Restriction enzyme digestion of the pUC119 vector containing MFE-23- 

myc was performed on a small scale to check the enzymes Not I and Eco R1 were 
fully active. Purified insert DNA (24 |il) was digested using the above active 
enzymes simultaneously with the MFE-23-myc vector (1.0 ]li1), for 3 h at 37^C, 
both reactions were treated with alkaline phosphatase to prevent re-ligation. 
Digested insert was purified using the MERmaid kit, and vector using the 
geneclean kit.

For ligation, estimates of the amount of DNA present were made by 
observing the brightness of bands on an agarose gel, compared to molecular 
weight markers. Ligation of insert DNA to vector DNA was performed for 4 h at 
120c, after which the final product was purified using the geneclean kit and 
transfected. The new construct was analysed by PCR screening and expressed 
on a small scale for characterisation by western blotting and ELISA.

5.2.8 Expression , purification and characterisation
The bacterial expression yield of MFE-23-H-His was compared to MFE-23- 

Flis directly. Both constructs were expressed in E. coli TGI cells in 21 shake flasks 
(chapter 2 section 2.8.11) and the yields of 500 ml cultures compared by ELISA.

MFE-23-H-His was expressed on a large scale (41) and purified using 
IMAC (section 2.6.3.1). Further purification was required to remove large 
molecular weight material using a superdex 75 FPLC column (Pharmacia, 1.6 x 
50 cm, approx. 100 ml) equilibrated in PBS at a flow rate of 2 m l/m in. 
Characterisation of purified antibody was performed by SDS PAGE and ELISA 
(section 2.3 and 2.4).

5.2.9 Technetium labelling
Purified MFE-23-H-His was radiolabelled with 99m"pc using medronate 

and glucoheptonate labelling methods described in chapter 2 sections 2.9.3.2 and 
2.9.3.3.
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Figure 5.2: Strategy for subcloning of the human CHI y4 hinge region and 6 x his-tag to 
the C-terminus of MFE-23. The hinge region (12 amino acids underlined) has previously 
been subcloned into the vector pMR445 with an additional 5 amino acids coding for the 
last 5 amino acids of the CHI domain (not underlined). Forward (JC FOR L) and reverse 
(JC REV) primers were designed to PCR this region (A-B) and incorporate a Not I 
restriction site and his-tag shown in step 1. The vector pUCl 19 contains the genes for 
MFE-23 therefore subcloning may be carried out using restriction sites Not I and Eco RI 
as illustrated in step 2. Ligation of insert hinge DNA at these sites permenantly removes 
the myc-tag.
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5.3 Results 

Section I

5.3.1 Optimising IMAC
Ni^+, Zr 2+ and were compared for efficacy as metal ions for IMAC 

solid support. SDS PAGE electrophoresis (Figure 5.3A, B and C) showed that in 
general the majority of non specific proteins were washed through the column in 
the unbound fraction (wash). Further impurities were eluted by competing with 
low concentrations of imidazole 10-40mM (data not shown). Increasing the 
concentration of imidazole to compete for metal binding sites results in elution of 
his-tagged product. This stepwise imidazole gradient was useful for comparing 
the efficiency of antibody binding to Ni^+, Zn^+ and Cu^+ immobilised metal 
ions and the level at which pure product eluted from the column. Any 
remaining product eluted when the column was stripped with EDTA.

Figure 5.3A illustrates that impurities were present in all imidazole elution 
and EDTA fractions when the column was primed with Ni^+. There was also 
visible leaching of Ni^+ on imidazole elution reflecting the weak binding affinity 
of Ni^+ to the column. In contrast, when the column was primed with Zn^+ the 
imidazole gradient was more effective in producing pure product (Figure 5.3B) 
than when Ni^+ was used. However the 80-120mM imidazole and EDTA 
fractions contained some remaining impurities.

The best elution profile was produced by priming the column with Cu^+ 
ions, pure product eluted at 60-120mM imidazole and EDTA fractions (Figure 
5.3C). Although pure product also eluted in the EDTA fraction this could not be 
further processed for clinical use due to the presence of high levels of copper ions 
which were difficult to remove even after extensive dialysis. This fraction was 
dialysed and reapplied to the column.

Considering these results, copper was selected as the immobilised metal 
ion for clinical production of MFE-23-His. To ease handling large volumes of the 
clinical batch a step gradient of 40 and 120mM imidazole concentrations was 
employed as illustrated in Figure 5.3D. Impurities were separated by eluting 
with 250 ml 40mM imidazole from pure product at 120mM imidazole (250 ml) in 
a single chromatographic step.

5.3.2 Purity and yield
Gel filtration of clinical grade MFE-23 His revealed that approximately 

90% of the product was in monomer form after one purification step. The small 
amount of remaining large molecular weight material was effectively separated 
by sephacryl S-100 gel filtration. The final product yield of the clinical batch was



204

A.  ̂ c/ /  /  /
0 $ -48

-21

"  // / /< /# ' M

e

Figure 5.3: SDS PAGE (15% polyacrylamide) analysis of (A) Ni^+, (B) Zn^+, non
reduced primed IMAC column fractions, demonstrating elution of MFE-23-His with 
increasing concentrations of Imidazole. Gels were stained with coomassie blue, 
M=molecular weight markers (kD).
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Figure 5.3: SDS PAGE (15% polyacrylamide) analysis of non-reduced (C) Cu2+ 
primed IMAC column fractions, demonstrating elution of MFE-23-His with increasing 
concentrations of Imidazole. (D) Stepwise elution of MFE-23-His using Cu2+ primed 
IMAC column. Gels were stained with coomassie blue, M=molecular weight markers 
(kD).
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10 mg (approx.) per 1 of supernatant, measured at A28onm using the extinction 
coefficient of 0.7.

5.3.3 Characterisation
Immunoreactivity of the patient batch was compared to a previous batch 

of MFE-23-His by ELISA. Results in Figure 5.4A suggest that the patient batch 
was fully immunoreactive.

Stability assessments at 4^0 and -70^0 for a period of 6 months using a 
superose 12 FPLC column, demonstrated a single peak consistent with the 
molecular weight of scFv and no evidence of aggregation. Figure 5.4B illustrates 
the trace for 6 months storage at -70^C. Recent stability assessment at 30 months 
storage at 4^C demonstrated no evidence of deterioration of the product by FPLC 
and ELISA analysis. SDS PAGE analysis of the final purified product before and 
after radiolabelling is shown in Figure 5.5B.

Immunohistochemical analysis demonstrated high selectivity in 10/10  
colorectal adenocarcinomas, with low cross-reactivity to normal human tissues.
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Figure 5.4: (A) Immunoreactivity of MFE-23-His as measured by ELISA. (B) FPLC gel 
filtration trace of MFE-23-His stored at - 7 0 for 6 months. A single peak eluted at 13.3 
cm. The column was calibrated with the molecular weight marker carbonic anhydrase 
(29kD) that eluted at 12.2 cm.
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Figure 5.5: (A) SDS PAGE (15% polyacrylamide) analysis of non-reduced MFE- 
23-His before (2) and after (1) iodination. Gel was blotted onto nitrocellulose and 
protein detected with amido black (2) and radioactivity by autoradiography (1). 
Molecular weight markers (kD) are also shown (M). (B) Gel filtration profile of 
125i-MFE-23-His, the smaller peak consists of <2% free iodine and the larger peak 
of radiolabelled product. CPM is a measure of radioactivity in counts per minute. 
Molecular weight marker (kD) is shown with an arrow.
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5.3.4 Toxicity and safety analysis

The contamination levels of clinical grade MFE-23 His with bacterial 
endotoxins and copper at each chromatographic step are shown in Table 5.1. 
Copper levels were largely reduced after extensively dialysing and very low non
toxic levels were present in the final product. The results demonstrate that 
Detoxi gel was effective in removing at least one log scale of bacterial endotoxins 
from the purified scFv with no decrease in yield. The final product was also 
confirmed as non pyrogenic by in vivo rabbit testing of 3 x the patient dose.

DNA was not detected (sensitivity of assay = 12pg) in the final purified 
product, and microbiological analysis confirmed the absence of bacterial or 
fungal growth after culturing a sample for 2 days at 37^0.

Toxicological analysis of 10 x the patient dose of MFE-23-His (unlabelled) 
was injected to 5 guinea pigs. No signs of disease or fever was observed over the 
28 day observation period and blood counts (red, white and platelet) for each 
animal were within the normal range.

Purification step. Endotoxin 
EU/m l

Cu2+
|xMol/l

Supernatant 50,000 -

IMAC column eluate:
- pre dialysis - 75
- post dialysis 750 8.0

Gel filtration S-100 eluate 25 3.4

Detoxi gel eluate 
(final product)

<2.5 -

Table 5.1: Bacterial endotoxin and levels for each chromatographic step in the 
production of MFE-23-His for clinical use. Endotoxin was assayed semi-quantitatively 
using the LAL gel clot test and Cu^+ was measured by flame photometry.
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5.3.5 Radiolabelling and biodistribution

MFE-23-His (patient batch) was radiolabelled with 1̂ 5 j using the 
chloramine T method to a specific activity of 0.22 MBq/ |ig. Radioantibody was 
analysed for stability by SDS PAGE autoradiography and gel filtration and there 
was no evidence of breakdown or aggregation as illustrated in Eigure 5.5. 
Incubation of I-MEE-23-His in normal human serum for >24 h followed by gel 
filtration analysis revealed an identical monomeric peak to that illustrated in 
Figure 5.5B.

A sample was also applied to a 1ml CEA affinity column and 55% 
recovered counts eluted in the bound fraction. A non-specific antibody B1.8 was 
radiolabelled to a specific activity of 0.12 MBq/jig and antigen binding analysis 
to CEA revealed that a maximum of 10% recovered counts eluted in the bound 
fraction.

For the xenograft experiment 0.46 MBq of l^^I-MFE-23-His and 0.52 MBq 
125i_b i  8 were injected into nude mice. Successful tumour localisation of MFE- 
23-His was achieved compared to the non-specific antibody B1.8, as illustrated in 
Figure 5.6. Tumour retention was substantially greater for MFE-23-His and is 
reflected in the significantly improved tumour: blood ratios at 24 h (23:1 for 
MFE-23-His; 0.9:1 for B1.8, p<0.05), and 48 h (40:1 for MFE-23-His; 2:1 for 
B1.8, p<0.05). The lower tumour uptake levels of B1.8 resulted in a larger dose to 
all normal tissues significant for kidney, liver, and spleen (p<0.05). The highest 
normal tissue uptake was for the kidney for both antibodies. This high uptake is 
probably a consequence of renal filtration of these small antibody fragments.
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Figure 5.6: Biodistribution of ^^^I-MFE-23-H-His column) and ^^^I-Bl.S (2"(̂  
column) in nude mice bearing LS174T human colorectal tumour xenografts, at 24 h and 
48 h post injection. Results are expressed as a % of injected activity per gram of tissue, 
columns are a mean of 4 mice and bars represent standard deviations.
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5.3.6 Quality control

In an attempt to improve the % incorporation, the amount of chloramine T 
used in the reaction was increased in test labellings. The use of twice the usual 
concentration of chloramine T (stock solution 4 m g/m l) led to approx 10% 
greater labelling efficiency, therefore this concentration was used throughout this 
study.

Radiolabelling of individual patient aliquots of MFE-23-His with 1 3̂ j 
resulted in approx 40-50% labelling efficiency. Following the removal of free 
iodine using a PD-10 column, TLC analysis revealed 87-99% incorporation of 
to the antibody.

Samples of I-MFE-23-His were routinely analysed for 
immunoreactivity. Results showed that 40-55% bound to the 1 ml CEA column.

5.3.7 Imaging results
1-MFE-23-His localised to all tumour deposits as demonstrated by CT, 

biopsy or clinical examination. A summary of patient details and imaging results 
is shown in Table 5.2. There were no false negatives (FN) or true negatives (TN), 
8 false positives (FP) and 13 true positive (TP) results. The sensitivity of 1̂ 3 p 
MFE-23-His as an imaging agent for the 10 patients in this study was 100%, but 
since there were no FN or TN results specificity could not be assessed.

On 2 occasions SPECT imaging was able to detect liver metastasis in 2 
patients which were not seen by conventional CT imaging. Four patients had 
areas of patchy uptake within the abdomen resulting in 4 /8  of these FP results. 
These patches were considered to be unconjugated radiolabel that had been 
excreted non-specifically into the intestine via the bile.

An example of a SPECT image and corresponding CT scan is shown in 
Figure 5.7, demonstrating positive localisation of I-MFE-23-His to a liver 
lesion 1 h after injection.
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Patient
no

Serum CEA 
(pre) |ig /l

Known metastatic 
disease

Imaging
result

1 13 liver
stoma

TP liver 
TP stoma

2 44 liver

lung

TP liver 
TP lung

3 10 liver TP liver

4 807 cervical
lung
abdomen
ascites

TP cervical 
TP lung 
TP abdomen 
TP ascites

5 1482 liver TP liver 
FP abdomen 
FP abdomen

6 62 none FP liver 
FP abdomen

7 87 liver TP liver 
FP paraaortics

8 9 none FP perineum

9 8 breast TP breast 
FP liver

10 423 liver TP liver 
FP abdomen

Table 5.2: Imaging results for 10 patients given l^^I-MFE-23-His intravenously. TP 
refers to true positive and FP refers to false positive results. Serum CEA (pre-dose) level 
is shown for each patient, normal CEA levels are <5 |Xg/l.



214

A.
R

B.
R

Figure 5.7: G am m a cam era SPE C T  im age (A ) sh ow in g  localisation  o f  l^3i_]yipE-23- 
H is to a liver lesion  (see  arrows) Ih after in jection . H igh  am ounts o f  radioactivity are 
show n in areas o f  high co lou r in tensity  (y e llo w ). T he corresponding CT im age (B ) 
illustrates the anatom y at the sam e lev e l and confirm s the presence o f  tumour. L =  left  
side, R = right hand.
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5.3.8 Blood and urine clearance

The bi-exponential clearance of I-MFE-23-His from blood is shown in 
Figure 5.8. The median half-lives of the a  and p phases were 0.42 h and 5.32 h 
respectively. Stability of scFv in plasma was analysed for samples collected 20 
min and 2 h after administration. Elution of a single peak by gel filtration 
analysis (similar to that illustrated in Figure 5.5B) and a single band by SDS 
PAGE and autoradiography was produced, both with an apparent molecular 
mass of 27kD, indicating that radioactive material was intact MFE-23-His.

Total 24 h urine collection was collected for 2 patients given l^^I-MFE-23- 
Fiis. Fifteen and 41% (mean 30%) of the administered radioactivity was excreted 
in the urine in the first 24 h.

5.3.9 Biodistribution
Quantitative assessment of tumour and normal tissue uptake by SPECT 

imaging at each scanning time is shown in Figure 5.9. Localisation to the tumour 
of I-MFE-23-His occurred within 1 h of injection with a median peak dose of 
2.4% ia/kg. At later time points there was a decrease in median tumour uptake 
to 1.8% and 0.8% ia /k g  at scan times of 4 h and 22 h after administration (Figure 
5.9A). The rapid blood clearance led to high tumour to blood ratios of 1.54:1 at 
4h and 5.6:1 after 22 h (Figure 5.10).

Planar and SPECT images showed activity in normal liver, but after 1 h 
this decreased rapidly over the following 21 h. High levels of kidney activity 
were observed and this organ appears to be the principle organ of clearance. 
There was no evidence of non-specific uptake of I-MFE-23-His in other organs 
with measurable activity.

One patient (patient 8) had no tumour and the distribution in this patient 
was observed by whole body planar gamma camera scans and SPECT images. 
Rapid clearance of I-MFE-23-His was observed via the renal route, and by 4 h 
post injection there was little activity remaining as observed by whole body 
scans. SPECT images showed evidence of liver uptake which rapidly 
disappeared, and retention of activity in the kidney. There was evidence of low  
levels of activity in the stomach at 4 h, probably caused by secretion of 
unconjugated 1^31 û-ito the stomach.

5.3.10 Toxicity
All patients tolerated administration of l^^I-MFE-23-His well and no 

serious side effects were observed. One patient had grade 1 hot flushes 6 h after 
injection lasting for 1 h. No other adverse side effects were recorded as assessed 
by Common Toxicity Criteria.
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Figure 5.8: Fractional blood clearance of 123I-MFE-23-His expressed as a 
% of the injected radioactivity per kg. Individual values are shown for each 
patient and the data is fitted to a biexponential model.
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Figure 5.9: Biodistribution of 123I-MFE-23-His derived from SPECT imaging 
and blood counting, of a median of 10 patients. Values are expressed as % 
injected dose per kg. Maximum and minimum error bars are shown.
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Figure 5.10: Biodistribution of 123I-MFE-23-His derived from SPECT imaging and 
blood counting median values for 10 patients. Expressed as tissue: blood ratios over 
time. Maximum and minimum error bars are shown.
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5.3.11 AUC and MIRD estimates

The residence time (AUC) of I-MFE-23-His in tissues with measurable 
activity was calculated from the biodistribution data and expressed as tissue: 
blood ratios for comparative purposes in Table 5.3. Tumour: blood ratios for 
MFE-23-His were similar to mF(ab')2 in man but slightly lower than for hDFM. 
The highest tissue residence time was for the kidney, with an intermediate level 
between hDFM (1.6-fold lower) and mF(ab')2 (1.9-fold higher). This was also 
reflected by the bladder levels of activity, but these values are subject to error 
due to large variation between patients. This suggests that the kidney is the 
major organ of elimination of MFE-23-His in humans. Again as for both hDFM 
and mF(ab')2 the kidney: blood ratios were higher than was predicted by the 
mouse xenograft model. Residence time in the liver, reflecting hepatic clearance, 
was comparatively low and similar to AUC ratios for the other antibody 
fragments.

An assessment of toxicity to normal tissues was also measured by 
estimating the total absorbed dose of using the MIRD schema. All absorbed 
doses were substantially lower for MFE-23-His compared to hDFM and mF(ab')2. 
This was mainly as a consequence of the shorter path length and half life of 
compared to The molecular weight of MFE-23-His was also 4 times smaller 
than the divalent antibody fragments and therefore cleared faster from the 
circulation and normal tissues, thus resulting in a lower total absorbed dose.

MFE
AUC

hDFM mF(ab')2 MFE
MIRD
hDFM mF(ab')2

Tumour 0.86 1.24 0.89 - - -

Liver 0.59 0.75 0.56 0.004 0.137 0.141

Lung 0.39 0.32 1.49 0.004 0.100 0.258

Kidney 1.46 2.39 0.77 0.035 1.960 0.805

Bladder 1.38 4.66 0.77 0.026 2.840 0.589

Red marrow - - - 0.002 0.067 0.076

Table 5.3: AUC and MIRD estimates for l^^I-MFE-23-His compared to l^^I-hDFM and 
l^^I-m(Fab')2 in man. AUC was evaluated as an integral of the bi-exponential model 
calculated to time->infinity for tissues with measurable activity and expressed as a tissue
to blood ratio. Estimated absorbed doses of p-radiation using the MIRD schema were 
calculated correcting for cross-organ doses and expressed as mGy/MBq.
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5.3.12 Pharmacokinetics

TLC analysis of undiluted urine collected 2h post adm inistration show ed 
0-49% (mean 24%) of 1^31 was incorporated into protein, and the rem ainder was 
in the form of free radiolabel. U ndiluted urine was also analysed by SDS PAGE 
and autoradiography, results dem onstrated that there was evidence of a single 
band at 27kD (data not shown) implying that a proportion of MFE-23-His w as 
excreted as labelled protein (Begent et a l, 1996).

Serum sam ples for 6 /10 patients (no's 1, 4, 5, 6, 7 and 9) were collected for 
im m unogenicity analysis. A reliable ELISA for m easurem ent of HAMA w as not 
available, therefore assessment was m ade by m easurem ent of the % complex 
form ation after incubation of radiolabelled MFE-23-His w ith patients sera.
Ability of the technique to detect anti-MFE-23-His complexes was established 
using polyclonal rabbit anti-MFE-23-His which produced a shift by 10 fractions 
w hen reacted w ith f I-MFE-23-His. In contrast a low level of com plexation was 
observed on reaction w ith norm al hum an serum  (7%), which served as a negative 
control (Figure 5.11). For 4 /6  patients <5% complexation was observed, and for 
the rem aining 2 patients, 21% and 27% im m une complex formation was 
observed. These 2 patients (no 4 and 5) had high serum  CFA levels (refer to 
Table 5.2) of 807 pg/1 and 1482 fxg/1 respectively. Therefore since this assay is 
unable to distinguish betw een elevated HAMA or serum  CFA, it is likely that 
there m ay be some contribution of circulating CFA to overall % complex 
form ation for these 2 patients w ith high levels of circulating CFA antigen.

400000 1

300000 -

MFE-I125
Anti-MFE
NHS

U  200000 -

100000 -

0 10 20 30 40 50 60 70
Fraction number

Figure 5.11: Immunogenicity analysis of MFF-23-His assessed by gel filtration analysis 
on incubation of patients sera with 125j_]y[pp_23-His. Polyclonal rabbit anti-MFF-23-His 
shows a shift in 10 fractions to elute in the void volume, demonstrating the presence of 
immune complexes. l^^I-MFF-23-His eluted at fraction 32, and for the negative control 
normal human serum (NHS), 7% of total recovered counts eluted in the void volume.
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Section II

5.3.13 Synthesis of MFE-23-H-His
The primers successfully amplified the CHl-hinge region to produce the 

PCR product analysed by agarose gel electrophoresis shown in Figure 5.12A.
The amplified DNA (insert) was 102 bp in length and was cleaned using the 
MERmaid kit designed to purify low molecular weight <200 bp DNA.

Restriction enzyme digestion of the pUC119 vector containing MFE-23- 
Myc with the enzymes Not I and Eco Rl was successful, so these enzymes were 
then used for larger scale digestion. Insert DNA was digested simultaneously 
with the vector MFE-23-myc, then purified using MERmaid or geneclean kits.
The amount of purified vector and insert DNA was estimated to be 
approximately a 10 :1 ratio of vector : insert. Ligation was performed using 15 |xl 
insert and 1 |il vector DNA together with a control ligation consisting of no insert 
DNA.

The final product was purified and transfected using electroporation. 
Colony growth of transfected MFE-23-H-His was observed to a 1/10,000 
dilution, compared to minimal colony growth on control plates at a 1/10  
dilution.

Single colonies were screened individually by PCR and expressed on a 
small scale for characterisation. For PCR screening, the same primers were used 
as above to amplify the hinge region insert (Figure 5.12A). The resulting PCR 
products analysed by agarose gel electrophoresis in Figure 5.12B, were of similar 
molecular weight to the insert DNA in Figure 5.12. Therefore PCR screening of 
MFE-23-H-His successfully demonstrated the presence of insert DNA.

The same colonies selected for PCR screening were induced to express 
antibody and the resulting bacterial supernatants were screened by ELISA for 
binding to CEA. The ELISA revealed that all colonies showed positive binding 
compared to control supernatant. Supernatants were also western blotted and 
probed with anti-myc and anti-his antibodies. Immunoblots in Figure 5.13 
revealed the absence of a myc-tag and the presence of a his-tag for 5 expressed 
colonies. This finding confirms that during subcloning the myc-tag at the C- 
terminus of MFE-23 was replaced by the his-tag of insert DNA.

DNA sequencing was performed for a midi plasmid preparation of MFE- 
23-H-His using M13 primers and a reverse primer (JC REV SEQ) synthesised to a 
region (10 amino acids), approx 20 amino acids upstream of the 5' end of the 
insert. DNA sequencing revealed that the new construct was in frame and 
contained the correct sequence for insert DNA. Full sequencing of MFE-23 was 
not performed.
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Figure 5.12: (A) Amplification of hinge DNA (insert) by PCR analysed by agarose 
(1%) gel electrophoresis. M =0 DNA molecular weight markers. (B) PCR screening 
of transfected MFE-23-H-His analysed by agarose (1%) gel electrophoresis. 6 colonies 
were positively identified to contain the hinge insert.
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Figure 5.13: Western blotting of 5 PCR screened colonies of MFE-23-H-His induced 
to express antibody. Supernatant was reduced and immunoblots were probed with (A) 
anti-myc to confirm the absence of the myc-tag and (B) anti-His demonstrating positive 
identification. M= molecular weight markers (kD).
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5.3.14 Expression yields

The yields of MFE-23-H-His and MFE-23-His in 500 ml bacterial cultures, 
expressed simultaneously under the same conditions, was compared by ELISA. 
Purified MFE-23-His and the above culture supernatants were titrated and the 
yields were calculated using the linear part of the standard curve for MFE-23- 
His. Yields were 6 mg/1 and 20 mg/1 for MFE-23-H-His and MFE-23-His 
respectively.

5.3.15 Purification and characterisation
MFE-23-H-His was expressed on a large scale (41) and purified using 

IMAC. Figure 5.14 illustrates the imidazole elution profile in which purified 
antibody eluted in the 120mM imidazole and the EDTA fractions. These 
fractions were pooled and purified by gel filtration FPLC using a superdex 75 
column equilibrated with PBS. The final yield of purified MFE-23-H-His was 2 
mg, which was fully active as measured by CE A ELISA (data not shown).

5.3.16 Technetium Labelling
MFE-23-H-His was concentrated to 2 m g/m l and 0.5 mg was reduced 

with 2ME. Relevant fractions were pooled, aliquoted and stored at -70 to 
preserve the thiol group. A thiol assay revealed that an average of 1 thiol group 
was available for attachment of

MFE-23-H-His was successfully radiolabelled on 3 occasions with 99m 
using both medronate and glucoheptonate methods. SDS PAGE and 
autoradiography (illustrated in Figure 5.15) revealed a single band at the 
expected molecular weight for ^^^^Tc-labelled MFE-23-H-His using both 
labelling methods.

TLC analysis was performed to determine the % incorporation of 99mpc 
and the amount of colloid formation. Radiolabelling with medronate resulted in 
94%, 72% and 84% incorporation of 99mpc on 3 occasions, and 43%, 37% and 53% 
incorporation using the glucoheptonate method. A larger amount of colloid 
formation was observed during medronate labelling (2-20%) whereas little or no 
colloid (0-2%) was present during glucoheptonate labelling.

As a control MFE-23-His was reduced and labelled using both methods as 
above. TLC analysis revealed that no specific labelling was achieved using 
medronate (4% incorporation) and glucoheptonate methods (7% incorporation).
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Figure 5.14: SDS PAGE (15% polyacrylamide) analysis of non-reduced MFE-23-H- 
His purified using IMAC primed with Cu^+. S/N refers to supernatant, and wash 
refers to material that did not bind to the column. Antibody was eluted with increasing 
concentrations of imidazole then EDTA. M=molecular weight markers (kD).
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Figure 5.15: SDS PAGE (15% polyacrylamide) analysis and autoradiography of 
non-reduced ^‘̂ 'T^Tc-MFB-23-H-His using 1= medronate and 2=glucoscan labelling 
methods. M=molecular weight markers (kD).
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5.4 D iscussion

In this chapter the first use of a histidine tail to purify a phage-derived 
scFv antibody for clinical purposes is described. Histidine is a rare amino acid 
and there are only 2 naturally occurring in MFE-23, hence the his-tag provided a 
purification handle for metal affinity separation. IMAC's mild elution conditions 
and ease of regeneration make this system an attractive alternative to standard 
affinity chromatography methods, and already a large number of recombinant 
proteins have been purified using this method (Linder et al., 1992). The high 
stability of copper ions for the IDA matrix contributes to the strength of MFE-23 
His retention. This is reflected by the purity of the fractions on elution with 
imidazole compared to those from Ni^+ and Zn^+ primed columns. Weaker 
binding results in heavy metal ion contamination and impure products.

Expression yields of MFE-23-His were relatively high (20-25 mg/1) 
compared to other scFv's usually expressed at lower concentrations (<1 mg) 
(Verhaar et al., 1995), making it economical to produce MFE-23-His for clinical 
use. This may be as a result of the selection process during library screening, 
involving several rounds of selection using lower and lower concentrations of 
biotinylated CEA and capturing bound phage with streptavidin coated beads 
(Chester et al., 1994). This system could preferentially select for scFv's not only 
with a high affinity (ie. high binding at low antigen concentrations) but also with 
favourable expression yields.

The good yields achieved with MFE-23 His purification eliminated the 
need to carry out periplasmic extraction. The latter is known to release 
proteolytic enzymes which makes the purification and removal of contaminants 
more difficult. The yields were also superior (10 mg/1 final product) to those 
achieved when MFE-23 His was purified using a CEA antigen affinity column 
(2.2 mg/1), (Casey et al., 1995).

An essential feature in the purification of antibodies to clinical grade is the 
removal of pyrogenic contaminants (Begent et a l ,  1993; Hochstein, 1987). 
Endotoxin contamination is a recurrent problem in the preparation of therapeutic 
agents for parenteral use in humans. Detoxi gel (polymyxin cross-linked to 6% 
agarose) proved to be successful in removing sufficient quantities of the 
lipopolysaccaride component of gram negative bacterial cell walls (endotoxins) 
to within regulatory acceptable levels with no detrimental effects on the 
antibody. Another possible major contaminant is bacterial DNA. As there were 
no detectable levels in the final product there was no requirement for any 
additional purification. Bacterial production of scFv's is rapid and largely avoids 
the potential for contamination with pathogenic viruses or their DNA which are 
inherent to mammalian cells. It is also important to establish levels of affinity 
ligand leaching. The levels of Cu^+, <2nM per patient dose, were well below the



228
recommended level given routinely in intravenous nutrition of 5-1 OmM per day 
(Russell et ah, 1983).

Thus, a potentially universal method for purifying scFv antibodies for 
clinical use is described here which complies with the safety data legislation 
regarding antibody purity as required by the CRC phase I/II trials committee.

Radiolabelling of MFE-23-His with 1 3̂ j this study resulted in a 
relatively low labelling efficiency (40-50%). However the labelling efficiency is 
known to improve with higher levels of protein or lower amounts of activity 
(data not shown). This may also have affected the ability of I-MFE-23-His to 
bind to the antigen column used to assess immunoreactivity after labelling. 
Immunoreactivity of patient aliquots post labelling was in the region of 50%, and 
it was not clear whether this was a result of the low labelling specific activity or 
damage that occurred during radiolabelling. Unlabelled antibody is routinely 
not separated from labelled antibody, and the radiolabelling process results in a 
mixture of approximately 50% labelled and 50% unlabelled MFE-23-His. 
Therefore, it is possible that successful binding of unlabelled antibody reduced 
the number of binding sites available for labelled MFE-23-His on the affinity 
column, and as a result decreased the apparent % binding of l^^I-MFE-23-His.

During the chloramine T oxidation reaction iodine is coupled to tyrosine 
residues of proteins. MFE-23-His contains a total of 14 tyrosine residues, 6 which 
are present in the CDR's. It is therefore possible that damage may occur during 
iodination of these residues which adversely affects immunoreactivity. Hence, a 
milder or site-specific labelling method allowing attachment of radionuclides 
away from the antigen binding site would be preferable.

Previous studies have been performed to assess whether the presence of 
the his-tag affected binding properties or biodistribution of MFE-23 (data not 
shown). The his-tag did not appear to interfere with antigen binding, tumour 
localisation or biodistribution of MFE-23 to normal tissues in the nude mouse 
xenograft model. There was also no notable difference in yield of the his-tagged 
product compared to a similar myc-tagged version of MFE-23. The his-tag is 
known to be poorly immunogenic in all species except some monkeys (Qiagen 
information booklet, 1992). Therefore, for the above reasons no attempt was 
made to remove the his-tag after purification, although this is possible using 
enzymatic or chemical methods (Hoculi et al., 1988). However, for many 
applications removal of the his-tag is not necessary and removal of affinity tags is 
time consuming, often inefficient, and adds to the cost of downstream  
processing. The first use of a his-tagged product to be used clinically is described 
here. There was no evidence at this low dose of adverse effects including altered 
biodistribution (compared to xenograft models) or immunogenicity.



229
The rapid clearance of MFE-23-His from the blood was clearly 

advantageous in improving the tumour to background ratios, allowing positive 
identification of tumour by gamma camera imaging within Ih of administration. 
The median p-half life of 5.3 h in man was much more rapid than for larger 
fragments, including A5B7 hDFM (20.3 h) described in the last chapter. 
Consequently, lower absorbed doses were observed in both tumour and normal 
tissues. Peak tumour localisation in man resulted in a median value of 2.4% of 
the injected activity per kg compared with 4.5% for hDFM. This 53% reduction 
in tumour dose as a result of a 5-fold faster fractional clearance of MFE-23-His 
however resulted in a 3-fold higher tumour: blood ratio 24 h post injection.

The distribution and fractional clearance of MFE-23-His in normal tissues 
followed the pattern expected from the nude mouse xenograft model. As 
expected the kidney appeared to be the principle organ of excretion due to the 
small size of this scFv (27kD) which is below the threshold for renal filtration 
(<70kD approx.). The kidney also received the highest absorbed dose of 
radioactivity, but in this study the administered activity was very low therefore 
no toxicity was observed. Renal uptake also did not appear to interfere with 
tumour imaging in this study, but limitations would occur for detection of small 
tumours close to the kidneys.

Antibody imaging using I-MFE-23-His was in 2 instances superior to 
conventional CT scanning, resulting in an overall increase in the imaging 
sensitivity. Increased sensitivity is an important parameter for diagnosis, staging 
or selection of treatment for patients with metastatic disease. MFE-23-His proved 
to be highly selective for tumour and demonstrated low toxicity and 
immunogenicity. The immunogenicity assay described was dependent on levels 
of serum CEA, and it is possible that elevated levels in 2 patients artificially 
raised the HAMA titre. It remains to be seen whether repeated doses and larger 
amounts of protein will induce an immune response. It was not known 
previously whether the his-tag would be immunogenic or produce an adverse 
distribution or toxicity when administered to humans. The lack of side effects in 
this study is encouraging and suggests the his-tag could be useful for production 
of many other recombinant proteins. Recent technology has allowed the 
generation of human synthetic libraries and affinity maturation techniques, 
which have provided many other potential high affinity scFv candidates for 
clinical imaging studies (Griffiths et al., 1994). Human scFv's may be 
advantageous in that they are less likely to evoke an immune response.

In order to enhance the clinical potential of MFE-23, a new construct was 
designed consisting of a C-terminal CHl-hinge region containing a single 
cysteine residue to facilitate either 99mxc labelling or dimérisation, and a his-tag 
for detection and purification.
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It has recently been possible to engineer peptide sequences with a 

functional cysteinyl residue for site specific labelling of scFv's with 99m'j’c 
(George et al., 1995). In this study high specific activity was achieved using 
medronate labelling and the ^^^Tc-scFv's proved to be highly stable. The same 
labelling method was employed here which also resulted in high incorporation 
of ^ ^ T c. Flowever, in contrast to the above study a large amount of technetium  
colloid formation was observed. Colloids are small particles (1-lOOnm diameter) 
that are too small to precipitate and usually remain in solution indefinitely. 
Colloid formation is an irreversible process and once formed can not be 
separated from radiolabelled antibody. Colloids are detrimental to the labelling 
process as they are known to result in high liver uptake in vivo, (Theobold, 1994) 
and consequently may adversely affect the sensitivity of imaging. Therefore, the 
glucoheptonate method is preferable over medronate labelling as little or no 
colloids are formed. Current research in the Dept, of Clinical Oncology is aimed 
at optimising this method for 99m'P(2 labelling of scFv antibodies.

The presence of the engineered hinge region with a single cysteinyl 
residue proved to be essential for ^^^Tc-labelling as the efficiency of labelling of 
the original scFv was very low. This confirmed that site-specific radiolabelling of 
MFE-23-H-His with 99m was achieved via attachment to the engineered 
cysteine residue. MFE-23 has 4 naturally occurring cysteine residues which may 
not be exposed and available for radiolabelling even after partial reduction. The 
majority of 99mxc-labelling methods for larger fragments and whole antibodies 
rely on intra-chain reduction of di-sulphide bonds. The structure and functional 
affinity of antibodies is usually retained if the reduction process is carefully 
controlled to avoid breakdown to constituent chains. Reduction of MFE-23-His 
did not provide available thiol residues for radiolabelling, but a simple 
modification step involving engineering of a free cysteine residue close to the C- 
terminus resulted in efficient site-specific 99m jc-labelling.

Another construct based on MFE-23-His has previously been designed to 
allow technetium labelling. The cysteine site was engineered at the C-terminus 
of MFE-23 upstream of the his-tag. Successful labelling was achieved using the 
D-glucarate transfer method (Verhaar et a l, 1996), however, incorporation was 
very low using this method (5-10%). Subsequently, radiolabelling has proved to 
be more successful using medronate and glucoheptonate methods (D. Read- 
personal communication).

The hinge region of antibodies is known to be flexible and therefore 
should allow the cysteine residue to be exposed and available for radiolabelling 
or chemical cross-linking. A similar construct based on the scFv B72.3 has 
previously facilitated chemical cross-linking to form stable di-scFv and tri-scFv's 
(King et a l, 1994). The yield of the modified scFv was relatively similar to the
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original scFv (approx 20 m g/m l), but cross-linking proved to be difficult due to 
problems with aggregation and precipitation of the protein. The relatively low  
yield of MFE-23-H-His (6 mg/1) compared to unmodified MFE-23-His (20 mg/1) 
was a major limitation for production of large amounts of purified material for 
cross-linking. Similar aggregation problems were observed during purification 
and concentration steps, further lowering the yield, and MFE-H-His proved to be 
very unstable at high concentrations (>2 m g/m l) necessary for cross-linking. The 
introduction of this highly exposed free cysteinyl group appears to influence 
levels of expression and aggregation of scFv. Further work will be necessary to 
establish whether this construct will be useful for the construction of stable MFE- 
23 dimers and trimers.
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Chapter 6

RENAL UPTAKE OF ANTIBODY FRAGMENTS - THE PROBLEM AND  
POSSIBLE SOLUTIONS.

6.1 Introduction
Renal uptake and retention of radiolabelled antibody fragments presents a 

problem in radioimmunodetection and therapy. This high kidney uptake 
decreases imaging sensitivity in the abdomen and results in unfavourable 
dosimetry. This effect is most apparent with intracellularly retained isotopes 
such as m in ,  and 99mxc compared to iodine (Behr et al., 1995b; Kobayashi et 
al., 1996). Thus reduction in renal uptake is desirable.

The kidney plays a major role in extraction of proteins from the circulation 
and this is controlled by the glomerular filter. Molecular size is the main 
determinant of whether a substance will be filtered or will be retained in the 
capillaries, however molecular shape and charge are also known to influence the 
filtration process (Lote, 1992).

Measurable restriction to filtration of proteins does not occur until the 
molecular weight exceeds 25kD, beyond which fractional clearance decreases 
progressively with increasing size (Sumpio & Hayslett, 1985). The transport of 
substances with molecular weights >70kD becomes increasingly restricted and 
plasma albumin (69kD) passes through the filter in minute quantities, but is also 
retarded by its charge. For larger molecules (>25kD) such as albumin, molecular 
charge has a greater effect, such that negatively charged molecules are less able 
to penetrate the glomerular filtration barrier and have lower clearance than do 
uncharged or positively charged molecules of comparable size. For example the 
rate of filtration of plasma albumin is twenty times slower than that of uncharged 
dextran molecules of the same molecular weight (Lote, 1992). The influence of 
molecular charge on glomerular permselectivity has been studied by comparing 
the fractional clearances of anionic (-), cationic (+) and neutral dextrans or 
proteins of similar molecular weight (reviewed by Comper & Glasgow, 1995; 
Maack et al., 1979). In such experiments the clearance of anionic molecules is 
impaired relative to that of neutral dextrans or proteins, conversely the clearance 
of cationic molecules is enhanced (Rennke et al., 1978; Brenner et al., 1978; 
Christensen et al., 1983). This selection based on charge is thought to be a 
consequence of electrostatic hindrance due to the presence of fixed negatively 
charged components of the glomerular capillary wall which in turn repel anionic 
molecules. The concept of the charge barrier is also supported by morphological 
studies which have demonstrated the presence of anionic sites due to the
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presence of proteoglycans such as heparan sulphate (Kanwar & Farquhar, 1979) 
and sialoglycoproteins (Venkatachalam & Rennke, 1978).

In addition to the restriction imposed by molecular size and charge there 
is evidence to suggest that molecular shape also plays an important role in 
determining filtration of molecules across the glomerulus. For example horse 
radish peroxidase was found to have a significantly lower sieving coefficient 
compared with dextrans of similar size and charge. Dextrans have a relatively 
flexible composition which enhances the ability to deform and uncoil during 
filtration. Such unfolding is not expected to occur in folded protein molecules 
that are more rigid in composition (Venkatachalam & Rennke, 1978). Molecular 
shape or rigidity is the main determinant of the degree of molecular sieving of 
proteins smaller than 25kD. Below this size net charge of a protein molecule has 
less of an effect than for proteins larger than 25kD (Maack et al, 1979).

Proteins that pass through the glomerular filter are then reabsorbed 
or excreted in the urine. Under normal circumstances only a small fraction of 
filtered material is excreted intact in the urine but as the plasma level is elevated 
a constant fraction of filtered protein is absorbed until the tubular maximum is 
exceeded at which time fractional excretion of the protein increases. Protein 
reabsorption occurs primarily at the site of the proximal convoluted tubule, with 
lesser amounts of proteins being absorbed in the more distal portion of the 
nephron. Once filtered, proteins gain access to tubular invaginations at the base 
of microvilli where they are endocytosed into phagosomes which soon after 
formation fuse with lysosomes of the cell. Hydrolytic enzymes in lysosomes then 
degrade proteins into smaller component peptides or amino acids, which 
eventually diffuse out of vacuoles into the cytoplasm and to the peritubular 
circulation (Sumpio & Hayslett, 1985). At any one time only protein molecules 
that are present at endocytic sites will be absorbed and the presence of fixed 
negative charges of microvilli facilitates assess of cationic proteins to these sites, 
whereas anionic proteins are hindered (Sumpio & Hayslett, 1985). Therefore, 
molecular charge also has a major influence on protein reabsorption at the site of 
the proximal tubule.

For the maintenance of normal renal function the rate of catabolism must 
equal the rate of uptake by endocytosis. If not there is an increasing 
accumulation of protein within the renal cell wall which leads to lysosomal 
disruption, eventually causing tubular cell damage. Renal accretion of 
radiolabelled antibody fragments is therefore likely to be a consequence of slow  
movement or trapping of protein within the glomeruli. For smaller fragments 
that are not restricted, uptake may be caused by tubular reabsorption and 
lysosomal degradation.
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Because tubular absorption of proteins is essentially an endocytic process, 

it was predicted that inhibitors of the formation and internalisation of endocytic 
vesicles would impair the uptake of proteins. Studies have demonstrated that 
metabolic inhibitors such as iodoacetate or cyanide successfully decreased 
tubular uptake of most proteins (Maack et a l, 1992). Another approach first 
employed by Mogenson & Soiling (1977) was the injection of large doses (up to 
20g) of cationic amino acids including lysine and arginine to human volunteers 
which led to increases in urinary excretion and fractional clearance of several 
proteins. These cationic amino acids were thought to bind to anionic sites in the 
kidney and inhibit tubular reabsorption of proteins, thus lowering the renal 
retention of filtered proteins. More recent studies have reported the effect of 
lysine injection on renal uptake of m  In-Fab fragments (Pimm & Gribben, 1994), 
and other antibody fragments including Fab, F(ab')2, and Fv, radiolabelled with 
various radionuclides (Behr et al., 1995b; DePalatis et ah, 1995; Kobayashi et a l, 
1996). Encouraging results have been generated from these recent animal 
studies, demonstrating highly significant reduction in renal uptake. The aim of 
the work described in this chapter was to examine the effect of systemic 
administration of lysine on kidney uptake of ^^^Tc-A5B7 Fab in nude mice.

To date there have been few other studies designed to enhance renal 
excretion of radioconjugated antibody fragments. Large doses of non-labelled 
antibody have been administered to test animals and patients prior to injections 
of labelled fragments. In some cases the renal uptake was decreased but the 
amount of cold antibody required to elicit the desired effect was extremely large 
and therefore an expensive option (Buchsbaum et a l, 1992; Matzku et al., 1988). 
Studies on other proteins have shown that charge modification can have a 
significant effect on glomerular filtration and renal tubular reabsorption (Rennke 
et al., 1978; Fazili et al., 1993; Takakura et al., 1994). However, there has been little 
attempt to address the effect of molecular charge of whole antibodies or 
fragments on glomerular filtration. A further aim in this chapter was to study 
the effect of altering the charge of antibody Fab fragments on renal uptake in 
nude mice.

Amino groups of lysine residues are usually among the most abundant 
and most accessible of the potentially reactive groups. The basic amino group (pi 
9.8) at physiological pH is generally exposed, due to its hydrophilic nature, on 
the surface of antibodies. A relatively large proportion of the commonly used 
modifying or cross-linking agents are amino group selective reagents (e.g. N- 
hydroxysuccinimide esters), therefore attachment of various chemical groups to 
these residues should partially mask the highly positive charge. The above 
strategy was employed in an attempt to alter the pi of Fab fragments, using
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relatively mild conjugation techniques, to maintain other physical parameters 
such as size and affinity.

Recent attempts to improve the efficiency of antibody targeting to 
tumours have involved chemical modification using poly(ethylene) glycol (PEG), 
(Pedley et ah, 1994b; Kitamura et ah, 1991; Delgado et ah, 1996). Benefits include 
increased plasma half life, higher tumour uptake, reduction in immunogenicity 
and increased resistance to proteolysis (Nucci et ah, 1991). PEG can be attached 
directly to free amine groups of lysine or via a coupling agent such as 2-IT (refer 
to Appendix 2); consequently the surface properties of the immunoglobulin may 
also be affected by altering the charge and/or hydrophobicity balance (Delgado 
et ah, 1996). The concept of PEGylation may therefore have implications for 
reduction of renal uptake of antibody fragments. It is possible that attachment of 
PEG to lysine residues of antibody fragments may lower the pi by masking the 
positive charge thus facilitating renal filtration. There may also be an increase in 
the molecular radii of PEGylated fragments above the threshold for glomerular 
filtration. A further aim in this chapter was to produce a PEGylated version of 
A5B7 DEM and investigate the effect of PEG on the biodistribution and kidney 
uptake in tumour bearing mice.
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6.2 Materials & Methods

Section I: Renal uptake of antibody fragments

6.2.1 Autoradioluminography
Qualitative examination of kidney uptake was performed by analysis of 

mouse kidneys extracted from the xenograft localisation study involving ^^Y- 
DFM (refer to chapter 3). Kidney sections were exposed to a phosphor image 
plate, using the method described in chapter 2 section 2.12.4.

6.2.2 Autoradiography
The scFv B1.8 was radiolabelled with 1̂ 5 j using the chloramine T method 

to a specific activity of 74 kBq/jig. Tissues were removed at various time 
intervals after f^^I-Bl.8 administration to nude mice bearing LS174T tumours. 
Kidney sections were analysed qualitatively by autoradiography according to the 
method described in chapter 2 section 2.13.2.

6.2.3 Immunohistochemistry and RILG assay
Humanised hTFM, hDFM and hF(ab')2 were characterised for binding to 

human tumour, kidney and placenta (control) sections by 
immunohistochemistry, using the method described in chapter 2 section 2.12.1. 
The anti-macrocycle antibody 1C2 was used for detection of the anti-tumour 
antibodies. Antibodies were radiolabelled (refer to chapter 4) for the RILG assay 
which was performed using the method described in chapter 2 section 2.12.3.

Section II: Systemic administration of Lysine

6.2.4 Technetium labelling
For the lysine blocking experiments, A5B7 mF(ab')2 was reduced to Fab' 

with 2ME using the conditions described in chapter 2 section 2.5.2. After 
desalting, the freshly reduced Fab' was immediately radiolabelled with 99mXc 
using the glucarate transfer method (chapter 2 section 2.9.3.1).

6.2.5 Biodistribution experiments
Two biodistribution experiments were performed, using normal nude 

mice without tumours, to examine the effect of systemic administration of lysine 
on the biodistribution of 99mxc-Fab'. For the first experiment, 8 mice were 
injected ip with 0.25 ml (50 mg) of L-lysine monohydrochloride (200 m g/m l in 
PBS) 30 min prior to 99mxc-Fab' administration then at 1 h, 2 h and 3 h following 
radiolabelled antibody injection. A5B7 Fab' was labelled to a specific activity of
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44 kBq/|ig and 2.5 MBq was injected iv to the test mice at time = 0, and to an 
additional 8 mice which did not receive lysine (control group). 4 mice from each 
group were sacrificed at 4 h and 24h post injection of radiolabelled antibody, and 
blood and tissues were removed for counting.

For the second experiment, lysine (50 mg) was administered ip (as above) 
at -30 min, 0 min, 15 min, 30 min and 45 min following radiolabelled antibody 
injection. A5B7 Fab' was labelled to a specific activity of 96 kBq/pg and 0.96 
MBq was injected iv to the test mice at time = 0 and to an additional 16 control 
group mice. 4 mice per group were sacrificed at 15 min, 30 min and 45 min post 
injection of radiolabelled antibody, blood and tissues were removed for analysis.

Section III: Modification of antibody charge

6.2.6 Preparation and modification of A5B7 Fab
A5B7 Fab was prepared by papain digestion and purified using Mono Q 

ion exchange chromatography (chapter 2 section 2.5.3). 1-2 mg of purified Fab 
was modified with various concentrations of biotin (method chapter 2 section 
2.7.1), acetyl groups (section 2.7.3) or SPDP (section 2.7.4).

6.2.7 Characterisation and radiolabelling of modified antibodies
Modified Fab fragments were characterised by ELISA, lEF and SDS PAGE 

using methods described in chapter 2 section 2.3 and 2.4. Antibodies were 
labelled with 125J using the iodogen method (section 2.9.1.2) to a specific activity 
of 37-74 kBq/jig, and characterised by SDS PAGE/ autoradiography and antigen 
binding analysis.

6.2.8 Biodistribution experiments
For experiment 1,12 nude mice (without tumours) per group were 

injected iv with 0.19-0.3 MBq l^^I-labelled (i) acetylated Fab, (ii) SPDP-Fab, (iii) 
biotinylated Fab and (iv) unmodified Fab (control group). 4 mice from each 
group were sacrificed at 30 min, 1 h and 2 h post injection before removing blood 
and tissues for counting.

For experiment 2, 8 normal nude mice per group were injected iv with 
0.22-0.37 MBq ^^^I-labelled high or low biotinylated Fab or high or low SPDP 
modified Fab. 4 mice from each group were sacrificed at 30 min and 90 min post 
injection, and blood and tissues were removed for counting.
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Section IV: PEGylated DFM

6.2.9 PEGylation ofA5B7 DFM
Murine A5B7 DFM was PEGylated with 5kD and 25kD PEG-amine using 

the method described in chapter 2 section 2.7.2. Thiolation with 2-IT was 
performed in an attempt to generate 1-2 available thiol groups for attachment of 
PEG.

6.2.10 Characterisation and radiolabelling of PEGylated DFM
PEGylated DFM was compared to unmodified DFM by ELISA, SDS PAGE 

and HPLC analysis (chapter 2 section 2.3. and 2.4). Antibodies were 
radiolabelled with 1 5̂ j using the iodogen method to a specific activity of 37-74 
kBq/pg. After labelling, unreactive DFM was removed from PEGylated 
antibody by HPLC. Radiolabelled antibodies were characterised by antigen 
binding analysis and SDS PAGE/autoradiography.

6.2.11 Biodistribution experiment
Purified 125i_5kD PEG-DFM, 125i_25kD PEG-DFM and unmodified 

DFM (0.185 MBq) were injected iv to tumour bearing nude mice. 4 mice from 
each group were sacrificed at 1 h, 3 h and 24 h after injection, and blood and 
tissues were removed and counted.
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6.3 Results

Section I: Renal uptake o f antibody fragments

6.3.1 Qualitative analysis
To demonstrate the problem of renal uptake of antibody fragments, 

kidney sections taken from mice injected with radiolabelled fragments were 
analysed. Autoradioluminography of a section of mouse kidney, removed 3 h 
after injection with ^^Y-DFM (refer to chapter 3), revealed that a higher dose of 
radioactivity was present in the outer cortex region compared to the inner 
medulla (Figure 6.1A). The glomeruli, proximal tubules and distal tubules are 
situated in the kidney cortex, whereas the collecting ducts and loops of Henle 
extend into the medulla.

Further analysis was performed by autoradiography to observe the 
distribution of radioactivity within the cortex of smaller radiolabelled scFv 
fragments. Figure 6.IB illustrates that the majority of autoradiographic grains 
were distributed in proximal tubules, compared to the glomerulus or distal 
tubules. Therefore B1.8 scFv has been filtered by the glomerulus and there is 
evidence of non-specific activity within proximal tubules indicating that renal 
uptake is a consequence of reabsorption processes.

6.3.2 Radioisotopes
It has been identified in this thesis and other studies that there is a large 

difference in renal accumulation of isotope following uptake of antibody 
fragments labelled with radiometals as opposed to radioiodine. This 
phenomenom is illustrated in Figure 6.2 by comparing the kidney levels of A5B7 
^^Y-DFM and ^^^I-DFM, and also A5B7 ^^^Tc-Fab and ^^ Î-Fab, over time. Both 
graphs illustrate there is increased retention of radiometals (^^Y and 99m'pc) 
compared to iodine (1^11 and Consequently the kidney will receive a larger 
radiation dose on administration of antibody fragments conjugated to 
radiometals compared to those radiolabelled with iodine.
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A.

Figure 6.1 (A) Autoradioluminography of a section of mouse kidney removed 3 h after 
injection of ^^Y-DFM. The amount of radioactivity increases with intensity of pixel 
shading. Most activity is present in the cortex (C), compared to the medulla (M).
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Figure 6.1(B) High power autoradiograph (x 400) of a section of normal mouse 
kidney 3 h after injection of ^^^I-labelled B 1.8. Autoradiographic grains are distributed 
over proximal tubules (P), fewer grains are associated with distal tubules (D) and the 
glomerulus (G). Section is counterstained with haematoxylin and eosin.
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Figure 6.2: Kidney biodistribution over time of (A) ^^Y-DFM and l^^I-DFM, (B) 99mxc- 
Fab and l^^I-Fab, in nude mice bearing human tumour xenografts expressed as a % 
injected activity per gram of a mean of 4 mice.
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6.3.3 Cross-reactivity of the maleimide cross-linker

In order to assess whether the maleimide cross-linker containing the 12- 
N4 macrocycle of DFM or TFM demonstrated non-specific binding to normal 
human kidney, immunohistochemistry and a RILG assay were performed.

Antibodies hDFM, hTFM and hF(ab')2 were analysed 
immunohistochemically for binding to human kidney, tumour and placenta 
semi-quantitatively by Mr G. Boxer (Dept. Clinical Oncology) and results are 
described below.

Detection with the anti-macrocycle antibody followed by the anti-mouse 
peroxidase reagent revealed minimal binding of hF(ab')2 to all sections including 
tumour. This fragment does not contain the maleimide-12N4 macrocycle linker, 
therefore served as a negative control. The highest binding of hDFM and hTFM 
was observed for tumour sections, and there was low binding to all kidney and 
placenta sections. The anti-macrocycle antibody alone also showed minimal 
binding to all sections. Thus, immunohistochemical analysis by detection with 
the anti-macrocycle antibody demonstrated minimal cross-reactivity of hDFM 
and hTFM to normal human kidney sections.

For the RILG assay, radiolabelled antibodies hDFM, hTFM and hF(ab')2, 
were applied to sections of human kidney, tumour and placenta and incubated 
for Ih. After extensive washing, slides were exposed to a phosphorimage plate, 
and the mean average counts per pixel were calculated, as illustrated in Figure 
6.3. The highest binding for all antibodies was observed for tumour sections. 
There showed comparatively low binding to all kidney and placenta sections, 
confirming that there was no specific binding cross-reactivity of hDFM, hTFM 
and hF(ab')2 to normal human kidney as analysed by in vitro assay.



245
2500 -

(UX
% 2000 -
0)
CU

1500 -
c
ou 1000 -
01
50
ri
u
01 500-
>

<

M01eu

cg0 u
01 W)
2O)
><

hDFM

Placenta Kidney 1 Kidney 2 Kidney 3 Tumour

1200 -  

1000 -  

800- 

600- 

400 - 

2 0 0 -

0

hTFM

Placenta Kidney 1 Kidney 2 Kidney 3 Kidney 4 Tumour

1000 1 hF(ab’)

Placenta Kidney 1 Kidney 2 Kidney 3 Kidney 4 Tumour 

Tissues
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shown as bars.
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Section II: Systemic administration of Lysine

6.3.4 Technetium labelling
F(ab')2 was successfully reduced to Fab' using 2ME generating 0.5-1 

available thiol groups for radiolabelling with 99mxc SDS PAGE analysis 
revealed slight over-reduction of F(ab')2 by the presence of molecular weight 
bands at approx 25kD, suggesting the presence of a small amount of free light 
chain. There was no evidence of re-oxidation to F(ab')2 after radiolabelling. 
Radiolabelling efficiency routinely resulted in >50% incorporation of 
before removal of free 99mxc by desalting. CEA binding was retained after 
radiolabelling as 75-85% of ^^Tc-Fab' bound to the affinity support.

6.3.5 Biodistribution of ^^^Tc-Fab' and lysine blocking
99mxc-Fab' showed rapid renal uptake that reached a maximum of approx 

200% ia / g, 30 minutes after injection of radiolabelled antibody. By 4 h the 
majority of ^^^Tc-Fab' had cleared from the kidneys (30% ia/g).

Lysine was injected using 2 different dosing regimes in 2 separate 
experiments. In the first experiment administration of lysine proved to have 
little effect on the kidney levels of activity both at 4 h and 24 h post injection 
(Figure 6.4) which was not statistically significant (p>0.05). In contrast, data 
obtained from the second experiment showed systemic administration of lysine 
did have an effect on kidney levels of radioactivity (Figure 6.5). Lysine 
administered at more frequent intervals led to a significant 75% reduction in 
renal uptake of 99mXc-Fab' 30 minutes after injection (p<0.05). However, this 
proved to be only a transient response, as by 45 minutes post injection there was 
little difference in kidney uptake between the control group and the lysine group 
(p>0.05). It was noted that there was fluid build up in the body cavities of the 
mice following ip injection of lysine causing a fluid overload. Since lysine has 
limited solubility, experiments could not be performed with a more concentrated 
solution. This toxicity was the major limiting factor which prevented blocking of 
renal uptake of ^^^Tc-Fab' for a longer period than 30 minutes.



247

i)
4 h Biodistribution

— ■

Blood Liver Kidney Lung Spleen Colon Muscle Femur 

Tissues

ii)

urt
o>

20 1

15 -

t: 10 i0)

5 -

24 h Biodistribution

I  -  _
Blood Liver Kidney Lung Spleen Colon Muscle Femur 

Tissues

Figure 6.4: B iodistribution o f  ^̂ ’̂ Tc-Fab' colum n) and with system ic adm inistration  
o f  ly s in e  (2*^  ̂ co lu m n ) at (i) 4  h and (ii) 2 4  h post injection . C olum ns represent % 
in jected  activ ity  per gram o f  a m ean o f  4  m ice and bars represent standard d eviations. 
B oth k idneys w ere exc ised  and the mean value is presented.



248

u(Q
73(U
u01

250 n

200 -

150-

100 -

50 -

1
Blood Liver Kidney Kidney

Tissues

■ 15 min

0 30 min
m 45 min

15 min +lys
□ 30 min +lys

45 min +lys

Spleen Colon Muscle

Figure 6.5: Biodistribution of ^^rnTc-Fab' with and without systemic administration of 
lysine at 15 min, 30 min and 45 min post injection. Both kidneys were taken and showed 
similar levels of uptake. Columns represent % injected activity per gram of a mean of 4 
mice and bars represent standard deviations.
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Section III: M odification of antibody charge

6.3.6 Biotinylation ofA5B7 Fab
Fab was incubated with progressively larger amounts of biotin (2-100:1 

molar ratio of biotin: antibody) for sequential modification of lysine residues. 
Isoelectric points of the biotinylated antibodies (Figure 6.6A) were lower than 
native Fab, consistent with lysine derivatisation neutralising the positive charge 
on this amino acid. Addition of 2:1 and 6:1 ratios resulted in attachment of 1 
and 2 biotins per antibody respectively and did not have a significant effect on 
the pi spectrum. Bands equivalent to the unmodified antibody were also seen. 
Incubation with a 12:1 ratio resulted in attachment of 3 biotins which produced 
widely spread pattern of bands in the pi range 8.7-4.0, reflecting a heterogeneous 
population of molecules modified to varying degrees. Higher amounts of biotin 
(24,50, 70 and 100:1 ratios) resulted in attachment of 4, 6,10 and 12 biotins 
respectively and produced a dramatic shift in pi with a less complex pattern of 
bands to the acidic end of the spectrum. No attempt was made to analyse the pi 
below 3 and it is possible that there could have been bands in this range which 
were undetected.

Attachment of chemical groups can lead to alteration in the tertiary 
structure of antibodies and adversely affect binding to antigen. Figure 6.6B 
illustrates that increasing the extent of biotin modification caused a progressive 
reduction in antibody binding activity. Addition of a 12:1 ratio of biotin to 
antibody resulted in a loss of 5-25% binding, a 24:1 ratio to a loss of 20-25%, a 70: 
1 ratio to a loss of 40-50% and a 100:1 ratio to a loss of 50-60% antibody binding 
activity. The loss of antibody binding activity after extensive chemical 
modification suggests that lysine residues may be involved at the antigen 
binding site of the antibody. There are 21 lysine residues present in A5B7 Fab, 3 
of which are in the CDR's.
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competition ELISA of biotinylated (12-1OOM excess) and unmodified Fab.
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6.3.7 Acétylation ofA5B7 Fab

A5B7 Fab was modified with acetic anhydride to attach acetyl groups to 
lysine residues. Preliminary experiments demonstrated that it was difficult to 
control the reaction to vary the number of acetyl groups per antibody. This 
reaction was not specific for lysine groups but also involved tyrosine residues; 
consequently CEA binding was greatly affected usually being reduced by >50% 
of the original activity (data not shown). Therefore a milder reaction involving 
the acylating agent N-hydroxysuccinimide (NHS) derivatised with acetyl groups 
was used. This water soluble reagent, sulfo-NHS-acetate, attaches acetyl groups 
irreversibly to free amino groups of lysine.

Reaction conditions were modified in order to minimise the loss of 
antigenic activity by protecting the CDR residues. This was performed by 
allowing Fab to bind to an affinity support, derivatised with CEA antigen, 
during acétylation. Successful modification was achieved using this method, 
with little loss of antigen binding compared to modification without CDR 
protection (Figure 6.7). The pi spectrum of acetylated Fab with and without CDR 
protection produced a similar pattern of bands to that illustrated in Figure 6.9B 
(pi range of major bands: S.5-5.9), suggesting that a similar degree of acétylation 
was achieved. There were however some bands remaining at the basic end of the 
spectrum, suggesting low modification and the presence of unmodified 
antibody. There may have been a slight loss of acetyl groups after radiolabelling, 
as these bands were not observed prior to iodination and only the major bands 
described above were present. Lesser degrees of acétylation were performed by 
incubating with lower amounts of reagent but this failed to achieve the desired 
shift in pi.
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Figure 6.7: Antigen binding analysis by competition ELISA of unmodified and
acetylated Fab with 25M excess sulpho-NHS-acetate with (25M bound) and without 
(25M) CDR protection by binding to a CEA affinity column.
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6.3.8 Conjugation ofSPDP to A5B7 Fab

Fab was modified w ith various concentrations of SPDP (10, 25, 40 and 50:
1 m olar excess over antibody). Incubation w ith high levels of SPDP resulted in a 
shift of the p i to a more acidic range. A 40M ratio resulted in a shift in p i to 5.9- 
5.0 (refer to Figure 6.9B, Fab-SPDP) and 50M excess to p i 5.0-3.5 (refer to Figure 
6.11B, high Fab-SPDP). A heterogeneous broad spectrum  of bands (pi range 9.0- 
4.0) w as produced on incubation w ith 10-25M excess reagent (refer to Figure 6.11, 
low Fab-SPDP). There was evidence of bands characteristic of native Fab, 
indicating that a proportion of unm odified Fab was present. Bands also focused 
in neutral and acidic regions indicative of w ide variations in derivatisation, w ith 
the m ost highly modified forms having the lowest most acidic pi. Lower 
am ounts of SPDP (<10: 1 ratio) did not have a significant effect on the pi 
spectrum  and a pattern of bands characteristic of the unm odified Fab were 
produced.

Antigen binding analysis in Figure 6.8 dem onstrated a loss of binding to 
CEA following derivatisation w ith SPDP. The loss of b inding was proportional 
to the extent of modification with SPDP, resulting in 12-25%, 30-46%, 66-80% , 
and 72-80% (approx) reduction of binding, on addition of 10, 25, 40M and 50M 
excess of SPDP over antibody respectively.

0.4 1

0.0
101 1

-----A----■ Fab
-----♦----■ lOM
-----O— • 25M
-----■--- ■ 40M
------N--- ‘ 50M

Concentration pg/m l

Figure 6.8: Antigen binding analysis by competition ELISA of unmodified and SPDP 
(10-50M excess reagent) conjugated Fab's.
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6.3.9 Radiolabelling and biodistribution of modified Fab's

The aim of the first experiment was to study the effect of charge modified 
Fab's on the biodistribution and kidney uptake in nude mice. Biotinylated, 
acetylated and SPDP conjugated Fab's were selected on the basis of a shift to a 
more acidic pi. Figure 6.9B illustrates the pi's of Fab modified with 25M excess of 
sulpho-NHS-acetate and protected CDR's, biotinylated Fab with a 24:1 ratio of 
biotin: antibody (4 biotins per Fab) and Fab modified with a 40M excess of SPDP.

Radiolabelled derivatised antibodies and native Fab were analysed by SDS 
PAGE and autoradiography. Figure 6.9A demonstrated the molecular weight of 
modified Fab's was unchanged and there was no breakdown after radiolabelling. 
The IFF pattern was also unaffected by radiolabelling with the possible exception 
of acetylated Fab, as illustrated in Figure 6.9B.

In this preliminary biodistribution experiment early time points were 
selected because the highest kidney uptake levels are observed for ^^^I-Fab in the 
first few hours after injection. Timing between culling of groups were carefully 
controlled due to the short time points. Radiolabelled SPDP-conjugated and 
biotinylated Fab resulted in significantly reduced kidney uptake levels compared 
to native ^^^I-Fab over a period of 2 h after injection (p<0.05). l^^I-acetylated Fab 
did not produce the same effect, as similar uptake levels were observed to the 
unmodified l^^I-Fab at 1 h and 2 h after injection (p>0.05). It was apparent from 
this experiment that the variation in blood levels at these early time points 
reflected the difference in the amount of activity injected; where the highest 
blood level was for l^^I-acetylated Fab (0.3 MBq injected) and the lowest blood 
level was for l^^I-Fab-SPDP (0.19 MBq injected). However the blood levels were 
not significantly different than for l^^I-Fab (p>0.05) except for ^^^I-Fab-SPDP 
which was significantly lower at each time point (p<0.05). A similar pattern of 
uptake levels reflecting the activity injected was observed for all normal tissues 
except for the kidney, which demonstrated largely different levels depending on 
the type of modification. Kidney: blood ratios however were significantly lower 
(p<0.05) for both Fab-SPDP (1.3:1) and Fab-biotin (0.9:1) at 1 h post injection 
compared to Fab-acetyl (3:1) and unmodified Fab (4.6:1).
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A second experiment was designed to study the effect of varying the level 

of derivatisation of SPDP and biotin to Fab. The degree of SPDP and biotin 
substitution was varied by adjusting the molar ratio of reagent to antibody. A  
ratio of 50M generated highly modified SPDP-Fab and biotin-Fab which 
produced a large shift in pi from basic to acidic (Figure 6.11B). Lower levels of 
conjugation of SPDP-Fab (lOM) and biotin-Fab (12M) produced a less dramatic 
shift in pi (Figure 6.1 IB). l^^I-labelled high and low derivatised reagents and 
unmodified Fab were analysed by SDS PAGE and autoradiography. Figure 
6.11A again confirmed there was no change in molecular weight on modification, 
or breakdown after radiolabelling. The IFF pattern was also unaffected by 
radiolabelling shown in Figure 6.11B.

Kidney uptake levels were again significantly reduced with high levels of 
SPDP and biotin modification (p<0.05), but lower levels did not result in a similar 
reduction of kidney levels of activity (p>0.05). This suggests that the shift in 
antibody charge to favour lower pi is required to achieve lower kidney uptake 
levels.

The blood and normal tissue (except kidney) uptake at these early time 
points again appeared to be dependent on the administered dose, ranging from 
the lowest dose of 0.22 MBq l^^I-Fab to the highest dose of 0.37 MBq l^^I-Fab- 
SPDP (high). There was a significantly higher level of activity in the blood for 
Fab-SPDP (high), Fab-biotin (high) and Fab-SPDP (low) than Fab (p<0.05) but not 
for Fab-biotin (low). However the kidney: blood ratios definitively prove that 
high levels of biotin and SPDP modification significantly reduce the kidney 
activity. At 1.5 h kidney: blood ratios were : (0.54:1 for Fab-SPDP (high), 0.53:1 
for Fab-biotin (high), 1.5:1 for Fab-SPDP (low), 3:1 for Fab-biotin (low), and 5:1 
for unmodified Fab.
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Section IV: PEGylated DFM

6.3.10 PEGylation of DFM
Incubation of DFM with 5kD and 25kD PEG-maleimide resulted in the 

formation of larger molecular weight species, as illustrated by the higher 
molecular weight eluting peaks using gel filtration chromatography (Figure 
6.13). The presence of PEG molecules was confirmed by titrating the number of 
free thiols before and after addition of the PEG-maleimide reagent. Control 
incubations with no maleimide added have previously demonstrated that loss of 
thiols by oxidation was negligible (Pedley et a l ,  1994). 1-2 thiol groups were 
present before PEGylation and 0-0.3 after PEGylation, confirming that 
approximately 1-2 PEG molecules had successfully bound to antibody. This is 
reflected in the apparent molecular weights of eluting peaks illustrated by the 
HPLC profiles in Figure 6.13. The broadness of bands suggests that a mixture of 
PEG-conjugates with varying degrees of modification was produced, reflecting 
the number of PEG groups per antibody. For both 5kD PEG-DFM and 25kD 
PEG-DFM two major peaks of higher molecular weight than the native DFM 
eluted which suggests that these consist of antibody conjugated to 1 and 2 PEG 
molecules respectively. SDS PAGE analysis and autoradiography was 
performed after radiolabelling (Eigure 6.14A) and also reflects the apparent 
increase in molecular weight of PEGylated DFM preparations. No further 
molecular weight analysis was performed in this study.

The binding of 5kD PEG-DFM and 25kD PEG-DFM to CEA antigen was 
studied in comparison to that of unmodified DFM. This showed very similar 
binding of the 5kD PEG species to native DFM and a loss of binding of up to 40% 
for the 25kD PEG species (Figure 6.14B).

It was difficult to interpret the pi of PEGylated DEM species as attachment 
of PEG resulted in a diffuse smear across the gel and identification of individual 
bands was not possible. PEG conjugated proteins have been reported previously 
to exhibit anomalous behaviour in polyacrylamide gels, and this has been 
ascribed to entanglement of PEG with polyacrylamide leading to decreased 
mobility (Abuchowski et a l ,  1977). Attachment of PEG to lysine side chains has 
previously been reported to decrease the net positive charge of the protein on 
modification (Knauf et a l, 1988).
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6.3.11 Biodistribution of PEGylated DFM

For the biodistribution experiment antibodies were radiolabelled with 
1^1. PEGylated versions were purified by HPLC after radiolabelling to remove 
unreactive DFM, and the highest molecular weight peak was collected in each 
case (refer to Figure 6.13). Antigen binding analysis post labelled revealed 93%, 
89% and 75% binding to CEA for DFM, 5kD PEG-DFM and 25kD PEG-DFM 
respectively, and 90-95% incorporation of radiolabel by TLC.

Figure 6.15 shows the biodistribution of DFM with and without PEG 
modification over a period of 24 h. At all time points post antibody injection 
there were significantly higher levels of blood activity for both PEGylated 
antibodies compared to the control (p<0.05). At early time points circulating 
blood levels were increased by up to 47% and 53% for 5kD PEG-DFM and 25kD 
PEG-DFM respectively. At 24 h post injection <1% l^^I-DFM remained in the 
blood stream compared to 8.6% for l^^I-5kD PEG-DFM and 13.1% for ^^^I-25kD 
PEG-DFM. As a consequence of increased circulating half-life there was a 
corresponding increase in dose to normal tissues apparent at 24 h post injection. 
This was accompanied by significantly higher levels to the tumour for 5kD PEG- 
DFM (p<0.05), but similar tumour uptake levels for 25kD PEG-DFM compared to 
unmodified DFM was observed at 3 h and 24 h post injection (p>0.05). However, 
the biodistribution was not studied at later time points than 24 h, and it is 
possible that there could be longer and higher tumour retention of 25kD PEG- 
DFM compared to 5kD PEG-DFM and unmodified DFM. At no point during the 
24 h observation period was the therapeutic tumour: blood ratio improved for 
the PEGylated antibodies, due to the persistently high circulating blood levels of 
activity.

Kidney uptake levels of both PEGylated DFM were approx 50% lower 
than the control, 1 h after injection of radiolabelled antibody but this was not 
statistically significant (p>0.05). But, at 3 h post injection there was little 
difference in kidney levels. By 24 h very low levels of the control antibody 
remained in the circulation and higher levels of PEGylated antibody were 
present in all normal tissues including kidney.
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6.3.12 Renal clearance

The renal clearance of the parent and PEGylated versions of DFM was 
monitored at 3 h and 24 h post injection by collecting spot samples of urine at the 
time of culling. Figures for %ia/O.lg are shown in Table 6.3. At 3 h there was a 
greater amount of activity present in urine samples of all 3 mice injected with  
l^I-DFM  compared to both PEGylated versions. This reflects the faster 
clearance of DFM compared to the larger molecular weight PFG-modified 
versions of DFM which stay in the circulation for longer. At 24 h post injection 
there was a comparatively lower activity in the urine of mice injected with 
DFM suggesting that the majority of radiolabel is excreted in the first 24 h. This 
is also consistent with the biodistribution results, as a large proportion of 
administered ^^^I-DFM has cleared by 24 h. In contrast, there was a fairly 
constant output of activity in the urine of mice injected with l^I-5kD  PEG-DFM 
over the 24 h period also consistent with the biodistribution results and 
circulating levels of activity. The lowest urine levels of activity were for mice 
injected with l^I-25kD  PEG-DFM which due to it's higher molecular weight 
demonstrated the slowest clearance in vivo.

Time 3h 24h

D FM l 12 0.7
DFM 2 26 1.0
DFM 3 19 0.9

5kD PEG-DFM 1 5.8 4.3
5kD PEG-DFM 2 4.3 3.5
5kD PEG-DFM 3 - 6.8

25kD PEG-DFM 1 4.1 1.9
25kD PEG-DFM 2 3.4 2.2
25kD PEG-DFM 3 3.7 3.1

Table 6.1: Urine excretion of activity from mice injected with l^^I-DFM, ^^ Î-SkD PEG- 
DFM and 125j-25kD PEG-DFM measured by collection of spot urine samples for 3 mice 
per group at the time of culling, 3 h and 24 h post injection. Activity was assessed as a % 
of the injected activity per O.lg of urine.
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6.4 Discussion

The most important route for the renal elimination of proteins is via 
glomerular filtration with subsequent catabolism by the proximal tubule or 
excretion in the urine. The properties of the glomerular filtration barrier 
determine which proteins will be eliminated by this route and the clearance of a 
particular protein is influenced by factors such as it's size, charge and molecular 
configuration.

The glomerular capillary wall is a three-layered structure (from capillary 
lumen to urinary space) consisting of an endothelial cell layer, the glomerular 
basement membrane (GBM) and an epithelial cell layer. Ultrastructural tracer 
studies have indicated that the transfer of macromolecules across the glomerular 
capillary wall is extracellular and the main barrier to restriction is the GBM. The 
glomerulus is known to almost completely restrict the passage of molecules with 
molecular weights greater than that of albumin (>70kD), although morphological 
tracer studies have demonstrated the presence of cationic enzymes with a 
molecular radius greater than that of serum albumin in proximal tubule cells and 
in the urinary space (Rennke & Venkatachalam, 1977).

The site of accumulation of small administered proteins (<25kD) has been 
shown in this chapter and by several other investigators using autoradiography 
and histochemical techniques, to reside mainly in proximal tubule cells of the 
kidney cortex (Maack et a l,  1992). Since dosimetry calculations assume a 
uniform distribution of activity throughout individual organs, the total dose to 
the kidney cortex will in fact be underestimated as most of the activity is 
deposited in the cortex. The molecular weight of scFv's (approx 25kD) indicates 
that they freely permeate the glomerular barrier to reside in proximal renal 
tubules, where they undergo either tubular reabsorption and catabolic processes 
mediated by endocytic vesicles and lysosomes, or are lost to the urinary space.
In chapter 5 it was confirmed that MFE-23-His passes through the glomerular 
barrier as demonstrated by the presence of intact scFv in the urine of patients 
within 4 h of injection.

For larger molecular weight proteins (>25kD) there is restriction to 
filtration of molecules through the glomerular barrier. Therefore, filtration of 
larger antibody fragments such as Fab (50kD) and F(ab')2 or DFM (lOOkD) is 
hindered. In addition, there is evidence to suggest the presence of an 
electrostatic barrier to the filtration of larger molecular weight negatively 
charged proteins compared to anionic or neutral molecules of the same 
molecular weight. In this chapter A5B7 Fab was selected to study the effect of 
altering the molecular charge on renal uptake.

It is not clear whether DFM passes through the glomerular filter, as 
theoretically the molecular weight is too large to allow filtration. In chapter 3,
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DFM and F(ab')2 demonstrated an identical biodistribution pattern in the nude 
mouse xenograft model when radiolabelled with 1, however in patient studies 
(discussed in chapter 4), F(ab')2 and DFM showed a very different biodistribution 
in terms of kidney uptake. Both F(ab')2 and DFM have a similar molecular 
weight and charge, therefore the difference in molecular configuration or rate of 
metabolism may explain the variation in renal uptake. The possibility of non
specific binding of the maleimide cross-linker to kidney sections was eliminated 
here by in vitro techniques, however extensive analysis in vivo was not 
performed. Further research is required to decipher the reason why renal 
handling of DFM in man differs to that of F(ab')2.

Dénaturation and loss of biological activity on radiolabelling is a problem  
which may lead to altered renal handling of proteins in vivo. The use of large 
excesses of sodium iodide and oxidising agents such as chloramine T or iodogen 
can alter the overall charge of the molecule or lead to aggregation (Gangopadyay 
et al., 1994). Radiolabelled aggregates, can be non-functional and because of their 
larger size could result a reduction of renal uptake. All radiolabelled antibodies 
used in this thesis for in vivo experiments or patient injection were routinely 
tested for maintainance of their original molecular weight after labelling and 
functional binding to antigen. Mild iodination conditions were employed 
throughout and antibodies demonstrated similar characteristics both in vitro and 
in vivo to the native protein.

The kidney is well-known as a major site in the catabolism of low- 
molecular weight proteins, which is thought to lead to renal accretion of activity. 
Metabolic degradation of radiolabelled antibody conjugates occurs primarily in 
lysosomes, but the retention within cells varies depending on the type of 
radiolabel administered. For iodine labelled antibodies intralysosomal 
degradation quickly yields I-monoiodotyrosine, which can be transported 
across into the cytoplasm into extracellular fluid where deiodinases can also act 
(Bemar et a l ,  1986). In contrast, antibodies labelled with metallic isotopes such as 

or 99mq’c lead to accumulation of isotope inside the cell since they can 
neither diffuse across the membrane or use existing transport systems (Duncan & 
Welch, 1993). Jones et al., (1990) studied antibodies conjugated to the cyclic 
anhydride of DTP A and found that min-DTPA-antibodies were degraded onto 
mjn-DTPA-am ino acid(s). A further study by Franssen et al., (1992) showed that 
amide bonds between amino acids were hydrolysed while the amide bond 
between the amino acid and the small molecular weight compound remained 
intact. Therefore the differences in kidney accumulation of iodine and or 
99mYc labelled antibody fragments reflects the large variation in rate of release 
from cells.
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Reduction in renal uptake of radiolabelled antibody fragments has been 

achieved by administration of large doses of basic amino acids (Pimm & Gribben, 
1994). In experimental nude mouse xenograft models various dosing strategies 
have been employed, involving infusion of lysine or mixtures of basic amino 
acids at variously time intervals prior to and after radiolabelled antibody 
injection (Behr et a l,  1995; Pimm & Gribben, 1994; DePalatis et al., 1995; 
Kobayashi et a l ,  1996). A similar dosing strategy was adopted here (in 
experiment 1) to the one used by Behr et a l ,  (1995b), involving administration of 
50 m g lysine ip (at -30 min prior to, and 1, 2 and 3 h post injection) and 
measuring the effect on biodistribution 4 h and 24 h after radiolabelled antibody 
injection. Behr and colleagues demonstrated a more than 5-fold reduction in 
kidney uptake for ^^Tc-Fab fragments, but little reduction was observed in this 
study. In a similar study by DePalatis et a l,  (1995) a single dose of 50 mg lysine 
administered ip or iv 15 min prior to injection of ^^^Lu-Fab evoked a 4-fold 
reduction in kidney activity, 24 h after injection of radiolabelled Fab. Again, by 
adopting the same dosing strategy (ip) with an identical source of lysine there 
was clearly no significant reduction in kidney uptake of ^^^Tc-A5B7 Fab, at 4 or 
24 h after injection (results not shown).

For the second experiment described here a narrower observation period 
was chosen in an attempt to observe shorter term effects of lysine administration. 
Lysine was administered (-30 min prior to, and 0,15,30 and 45 min post 
injection) and kidney uptake was observed at 15 min, 30 min and 45 min after 
99mxc-Fab injection. Results demonstrated a significant 3-4-fold reduction in 
kidney uptake at 15 min and 30 min post injection, but at 45 min no further 
reduction was observed, suggesting that administration of lysine was not 
efficient in reducing kidney uptake of ^^Tc-A5B7 Fab for longer than 30 min. 
One explanation for this discrepancy could be the mouse strain; MFl athymic 
nude mice were used in this study whereas Balb c mice (where reported) were 
used in the majority of the above studies. Thus, the results here clearly 
demonstrated the inability to produce prolonged reduction of kidney uptake of 
99mp(2-A5B7 Fab on administration of lysine in the nude mice used routinely 
throughout this thesis. The limiting factor was the slow rate of absorption of 
lysine and toxicity. Further experiments are required to optimise this system to 
avoid toxicity, it is possible that intravenous injections could improve the 
blocking capacity of lysine in MFl mice. Infusion of lysine to mice via diffusion 
chambers would be a more appropriate system most comparable to continous 
infusion in humans.

More recently Behr and colleagues reported initial clinical findings in 5 
patients who underwent RAID with 99mp(2-NF-4 or F023C5 Fab fragments and 
an associated infusion with 2 1 of a basic amino acid mixture (Behr et a l,  1996b).
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Results showed a significantly lower renal uptake in the amino acid group 
(ll% ia) compared to the control group (17.7% ia where n=75) at 24 h post 
injection. However, this reduction was not as profound as the findings in 
experimental mice, probably as a result of less efficient blocking due to the 
relatively lower dose of cationic amino acids.

A major concern with the use of large doses of basic amino acids clinically 
is the possibility of permanent damage to proximal tubule cells, since evidence 
exists that significant disruption to the microvilli is caused by enlarged 
lysosomes following injection of high doses of poly lysine (Sumpio & Maack, 
1982). Tubular toxicity may therefore be the limiting factor in the effectiveness of 
this strategy to reduce renal uptake of radiolabelled antibody fragments.

There have been few studies on charge selectivity of whole antibodies in 
renal filtration since they are not normally cleared via the kidney. However, 
antibody fragments are either small enough to be filtered, or are first broken 
down by the liver into even smaller fragments which are then filtered by the 
kidney. In multiple myeloma a characteristic of this disease is the 
overproduction of immunoglobulin light chains (Bence-Jones proteinuria) which 
are excreted in large amounts in the urine. It has been suggested that the pi of 
light chains may be an important factor for determining the nephrotoxic potential 
of these proteins. Studies in patients with the disease have revealed that cationic 
light chains are most likely to induce renal damage whereas lower pi's were 
mostly associated with normal renal function (Melcion et ah, 1984). However, 
other studies have reported no relationship between pi and nephrotoxicity 
(reviewed by Ledingham, 1990), and suggest that other factors may be involved. 
The precise mechanisms of such nephrotoxicity are still poorly understood.

It was postulated that chemical modification of antibody Fab fragments by 
acétylation to lower the pi could prolong the serum half-life by retarding 
glomerular sieving (Tarburton et ah, 1990). Acétylation of the ZCE-025 Fab 
fragment in this study reduced the pi by 1.7 units from 6.3 to 4.6. Reduction in 
kidney uptake of m  In-labelled acetylated Fab was observed over a 48 h period, 
with maximum reduction of 40% 1 h after injection. There was also a slightly 
higher level of acetylated m  In-Fab in the blood compared to unmodified m  In- 
Fab. However, as a result of chemical modification immunoreactivity was 
reduced by 50%, which compromised tumour uptake levels. In this study it was 
found that immunoreactivity of acetylated Fab could be retained with the use of 
milder reaction conditions and by protection of CDR residues during chemical 
modification. Theoretically this shielding approach could be applied to other 
chemical modifying agents such as biotin and SPDP. Acétylation of A5B7 Fab 
did not have a substantial effect on reduction of kidney uptake compared to the 
other types of modification. This could reflect the variation in levels of chemical
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modification with acetyl, biotin or SPDP groups. The pi shift was not as great for 
Fab-acetyl implying that antibody molecules were not modified to the same 
degree as for SPDP or biotin modified Fab. There was however an increase in 
circulating activity but this could be due to the slightly increased administered 
dose of l^^I-Fab-acetyl.

Both acetyl and biotin groups were conjugated to antibodies through an 
N-hydroxysuccimidyl active ester (NHS). Thus, the same chemical conjugation 
technique was used to attach different functional groups. The degree of 
incorporation of NHS-biotin to antibodies has been shown to be directly related 
to a loss in immunoreactivity (Ramjeesingh et ah, 1986). In order to achieve lower 
kidney uptake a 24M excess of biotin over Fab was required which led to a loss of 
20-24% CEA binding. Lower levels of biotinylation (12M excess) demonstrated a 
smaller loss of antigen binding (5-25%) but did not result in a similar reduction of 
activity in the kidney. Further experiments are required if attempts to minimise 
the loss of antigen binding of Fab by modification with high levels of biotin are to 
be properly assessed. This could be achieved by protection of CDR residues 
during biotinylation, or after modification separating biotinylated 
immunoreactive Fab from non-immunoreactive biotinylated Fab using an 
affinity column.

SPDP is a chemical reagent normally used for thiolation of lysine residues 
of proteins (Carlsson et ah, 1978). Unlike 2-IT, SPDP does not preserve the highly 
positive charge of basic amino groups and conjugation with increasing molar 
excess ratios of SPDP will neutralise a higher number of positive charges and 
lower the overall antibody pi. Khawli et ah, (1994b) reported a reduction of pi 
following modification of IgC and F(ab')2 fragments with SPDP which resulted in 
higher immunoreactivities and increased tumour uptake levels in nude mouse 
xenograft models. In this study high losses of immunoreactivity (66-80%) were 
observed after conjugation of Fab with SPDP. This high level of modification 
was required in order to achieve a reduction in kidney uptake since lower levels 
of modification did not have the desired effect. Consequently, such a high loss in 
immunoreactivity is likely to be detrimental to tumour localisation and similar 
measures as suggested above should be employed in attempt to preserve antigen 
binding. The level of modification of IgC and P(ab')2 fragments with SPDP was 
not reported in the above study, but perhaps due to the harsh nature of the 
reaction this type of modification is best suited to larger divalent antibody 
fragments or IgG.

The effect of altering antibody charge has been investigated here and the 
above experiments show that the renal uptake of antibody Fab fragments of 
similar size can be reduced by conjugation to various chemical groups that lower 
the pi. Antibody Fab fragments are small enough to be filtered by the
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glomerulus but passage through the GBM will be retarded. It is possible that 
fixed anionic sites repel the passage of charge modified Fab fragments with 
lower pi's, which results in lower kidney uptake of these molecules. Filtration of 
cationic unmodified Fab should not be repelled, but there could be binding of 
cationic species to polyanions in the GBM, or high uptake in lysosomes of 
proximal tubule cells, that could account for the higher level of kidney uptake.

Further experiments should be performed on fully immunoreactive 
charge modified Fab fragments to observe the effect on renal uptake and tumour 
localisation over longer time periods, in order to assess the advantages over 
unmodified Fab. It is possible that renal filtration of charge modified Fab 
fragments is delayed and a similar level of kidney uptake may be produced over 
a longer period, the end result being no overall reduction in dose to the kidney. 
The experiments described here were carried out using ^^^I-labelled modified 
and native Fab. Time points were not studied after the first few hours of 
injection because after this time normal kidney uptake levels of l^^I-Fab were 
very low and it would therefore be difficult to observe any large difference in 
kidney reduction. If a reliable radiolabelling method to attach metallic 
radionuclides which are retained in the kidney for longer, is available then it 
would be easier to study this effect at later time points.

Problems with this type of conjugation chemistry frequently arise, as the 
attachment sites of the reactive groups cannot be precisely controlled. Thus, 
similar amounts of chemical modifier could be used but the attachment sites 
could vary between reactions and this may affect in vivo behaviour. Chemical 
modification can also increase the overall immunogenicity of antibodies. If 
charge modification of antibodies is to be clinically useful the above problems 
must be addressed.

Modification of proteins with PEG has emerged as a method to potentially 
overcome the problems associated with protein therapeutics (Inada et a l,  1995). 
DFM was successfully conjugated to 1-2 PEG(5kD or 25kD) molecules. The 5kD 
PEG modified DFM showed little reduction in CEA binding activity, whilst 
binding of 25kD-DFM was reduced by approximately 40% when compared to the 
parent form. Loss in binding activity after attachment of PEG has been 
frequently noted for many proteins, and increasing the extent of PEG 
modification is known to cause a progressive reduction in reactivity of the 
protein (Kitamura et al., 1991). Several reasons for reduction of immunoreactivity 
following PEG modification have been proposed, including conjugation to 
residues that are essential for reactivity of the protein. PEGylation of A5B7 DFM 
was accomplished by conjugation of PEG to thiolated lysine residues. Excessive 
exposure to 2-IT is known to affect immunoreactivity of antibodies (Turner et a l,  
1994). However, since both PEGylated versions of DFM were thiolated using
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identical conditions it is unlikely that this was the cause of loss of binding.
Lysine residues are known to be present in the CDR's of A5B7, therefore 
derivatisation of these residues may affect the ability to bind to antigen. It has 
been suggested that the decrease in binding activity of PEG modified proteins 
could be due to interference with substrate approach to the active site.
Yoshinaga et ah, (1987) discovered that alkaline phosphatase conjugated to low  
molecular weight PEG had greater activity than alkaline phosphatase derivatised 
to the same degree of lysine substitution with higher molecular weight PEG.
This indicates that the longer chain of the polymer itself sterically hinders 
binding of the substrate to the active site. It is therefore possible that the loss of 
binding of the higher molecular weight 25kD PEG-DFM was due to steric 
hindrance to immobilised CEA. In the case of A5B7 binding to CEA it is possible 
that a high degree of charge interaction is involved between the antibody binding 
site and CEA. A5B7 contains a larger number of charged residues in the CDR's 
than for many antibodies and CEA is highly charged (pi 4-4.5). Therefore 
another possible explaination is the modification of chraged residues decreases 
the ability of A5B7 to interact with CEA. One approach which may overcome 
this could be site specific attachment of PEG to A5B7. Recent advances in this 
area have allowed site specific attachment of PEG to proteins with no loss in 
biological activity (Gaertner & Offord, 1996).

PEG modification of DFM approximately doubled the circulatory activity 
in nude mice xenografts when compared to unmodified fragments, resulting in 
increased accumulation in both tumour and normal tissues. This is in agreement 
with Pedley et ah, (1994b) and Kitamura et ah, (1991) who reported similar 
findings with 5kD PEG modified F(ab')2 • The tumour and blood levels for 5kD 
PEG-DFM to 24 h were very similar to those produced for l^li-igG  (refer to 
chapter 3). It has been suggested that the significant increase in circulatory half- 
life could be attributed to PEG shielding of the proteolytic site on the antibody 
with resulting inhibition of catabolism of the antibody. HPLC and SDS PAGE 
analysis revealed that molecular size was increased on PEGylation, which is also 
known to increase residence time in the circulation. Despite the increased 
tumour levels of PEGylated DFM as a result of the associated increase in 
circulatory half-life, therapeutic tumour: blood ratios were inferior to that of the 
unmodified antibody. PEG modification reduced the tumour: blood ratio from 
12:1 to 3:1 for 5kD PEG-DFM and 1.2:1 for 25kD PEG-DFM at 24 h after 
radiolabelled antibody injection. The overall therapeutic benefit of PEG modified 
DFM may however be achieved as a result of higher and longer residence times 
in the tumour. But the subsequent increase in damage to normal tissues as a 
result of prolonged circulation must also be considered.



272
A further consequence of increased molecular size is reduced renal 

clearance. l^^I-DFM does not normally show high kidney uptake in nude mice, 
but there was evidence of reduced renal uptake (approx 50%) of both 1 5̂ p 
PEGylated versions of DFM 1 h after injection. Collection of urine samples at 
each time point were more informative, where urinary output was highest for 
mice injected with unmodified DFM, intermediate for 5kD PEG-DFM and lowest 
for 25kD PEG-DFM. Therefore it is possible that higher molecular weight 
species, especially 25kD PEG-DFM are excluded by the glomerular barrier and 
remain in the circulation for longer. Increasing the negative charge by 
attachment of PEG to lysine residues could also contribute to an overall 
reduction in renal output.

A further advantage of PEG modification of proteins is the potential for 
reducing immunogenicity, possibly by shielding antigenic determinants and by 
avoidance of cells of the RES (Pedley et a l, 1994b). Kitamura et al., (1991) 
demonstrated that PEGylation of the Mab A7 reduced the HAMA in rabbits 
significantly when compared to unmodified A7. This has important implications 
for RIT, for example if the anti-idiotypic response of hDFM could be avoided 
completely this could allow unlimited repeated treatments. In addition, PEG 
alters the solubility of molecules and it is proposed that this might influence the 
capacity of PEG constructs to cross the extracellular matrix and other structures, 
hence entry and exit from different sites (Delgado et a l, 1996). This has 
implications for improved access and penetration to tumours.

The results of this study demonstrated that modification of DFM with 
PEG altered the pharmacokinetic properties of the native antibody. In particular 
the 5kD PEG-DFM showed improved characteristics without affecting 
immunoreactivity. The increase in tumour uptake and reduced renal clearance 
of this potentially non-immunogenic molecule have major implications for 
improving RIT.
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Chapter 7

OVERALL DISCUSSION AND FUTURE WORK.

There are two crucially important parameters that must be considered on 
selecting the optimal choice of antibody form and radioisotope for imaging and 
therapy: the tumour loading and the dose to the normal tissues. For RIT the dose 
to the tumour must be sufficient to be lethal and ideally the dose to normal 
organs should be non toxic. Many groups have concluded that the reduced 
tumour loading from faster clearing smaller fragments will be more than 
compensated for by their reduced background, which is essential for RAID. It is 
evident that no single Ig form will possess properties that match the 
requirements for both RAID and RIT, and the choice of optimal Mab form and 
radioisotope is a complex issue. Recently, by chemical and genetic modification, 
it is possible to tailor antibodies to have specific pharmacokinetics and ideal 
parameters for a particular clinical application.

7.1 Radioimmunotherapy
The initial series of experiments in this thesis were designed to compare 

chemically cross-linked A5B7 DEM and TFM with similar sized P(ab')2 and IgG 
radiolabelled with 1 and with a view to selecting the optimal form of 
A5B7 for RIT. To summarise the results each antibody form is discussed 
separately:

7.1.1 TFM
TFM showed advantages in functional affinity (faster on-rate and slower 

off-rate) over IgG and F(ab')2. However there appeared to be little advantage in 
terms of avidity enhancement in spite of the presence of three antibody binding 
arms rather than two. Three antigen binding sites may not be available for 
binding to antigen at the same time and steric hindrance may explain why a 
significant improvement in on and off-rates compared to divalent forms was not 
achieved. This may not be the case for all trivalent maleimide linked antibodies, 
and could be specific to only A5B7. Both trivalent versions of the antibodies 
hA33 and cB72.3 were reported to have a significant improvement in binding 
affinity compared to the corresponding whole IgG (King et a l ,  1995; King et ah,
1994). But, this may be due to the variation between different methods of analysis 
employed here and in the above studies.

Advantages of TFM include a faster clearance from the circulation 
compared to similar sized IgG which led to significantly improved tumour: 
blood ratios especially for ^^Y-TFM. The slightly longer half life to divalent
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fragments led to higher tumour uptake levels. In contrast to the divalent 
fragments kidney accumulation of ^^Y-TFM was greatly reduced. However, 
estimated dosimetry calculations implied that high absorbed doses to the spleen 
and kidney largely contributed to normal tissue absorbed dose, compared to 
estimated levels for ^^Y-IgG. Also RIT experiments in nude mice demonstrated 
that twice the administered activity of ^^Y-TPM produced a lower therapeutic 
effect with a similar level of toxicity. The most appropriate combination would  
therefore be l^^I-TFM.

An alternative trivalent construct has been synthesised using polyoxime 
chemistry, which forms oxime bonds with aminooxy-derivatised Fab' (Werlen et 
al., 1996). Similarly the increase in valency from divalent to trivalent did not 
produce a significant improvement in affinity, but higher tumour uptake and 
retention in nude mouse xenografts was observed for the ^^I-labelled construct 
compared to iodine labelled TFM described in this study. Trivalent antibodies 
constructed using this chemistry may be superior for tumour targeting compared 
to maleimide linked TFM, but to date no direct comparisons have been reported.

7.1.2 IgG
Despite the improved tumour: blood ratios for antibody fragments, the 

increased estimated dose to normal tissues and lower therapeutic effect in RIT 
studies (chapter 3) suggest that the most promising combination with the 
radionuclide ^^Y appeared to be murine IgG. However, direct comparisons of 
the therapeutic effects of IgG labelled with ^^Y and 1 have implied equal to or 
better therapeutic prospects of ^^^I-IgG than ^^Y-IgG as a consequence of the 
higher retention of ^^Y in normal organs (Buchsbaum et al., 1993; Sharkey et al.,
1990). If A5B7 IgG is to be considered for RIT, further evaluation is required to 
assess the therapeutic advantages of ^Oy-IgG versus l^^I-IgG, in terms of MTD, 
toxicity and radiation dose.

Current RIT protocols generally require repeated administration of 
radiolabelled antibody therefore a less immunogenic form is desired. A 
humanised version of A5B7 IgG was not available for pre-clinical analysis, but 
may have disadvantages compared to the humanised fragments. Complete 
antibodies can not be expressed in either a soluble or glycosylated form in E. co li. 
Thus, presently the preferred means for the production of humanised IgG's are 
mammalian cell expression systems. These have disadvantages in terms of 
possible viral or DNA contamination, and relatively expensive production costs. 
Another observation has been a substantially longer circulating half-life (up to 6- 
fold) than found for murine antibodies, which does not necessarily combine with 
a similar increase in tumour uptake levels. Humanised IgG's for RIT may 
therefore deliver an increased dose to the bone marrow and lower the
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therapeutic ratio unless tumour uptake is correspondingly increased. Removal 
of carbohydrate chains with enzymes (deglycosylation) has significantly reduced 
clearance of cB72.3 in mouse xenograft experiments however the plasma 
clearance was unaffected in primates (Horan-Hand et at., 1994). Problems 
associated with lack of reproducibilty and loss of immunoreactivity could deter 
use of deglycosylated antibodies clinically.

PEGylation of IgG may reduce immunogenicity but the increase in 
circulating half-life proved to be detrimental to tumour targeting in xenograft 
studies (Pedley at al., 1994). If murine IgG is to be considered for future RIT 
studies it must therefore be combined with other methods of reducing 
immunogenicity such as immunosuppressive drugs to allow retreatment.

7.1.3 DFM
A  significantly faster on-rate was achieved for DFM compared to all other 

antibody forms. It is thought that the thioether bond between two Fab' arms may 
increase the flexibility compared to the disulphide bond of F(ab')2 and IgG, and 
consequently lead to higher binding characteristics. The greater stability of the 
maleimide bond compared to the disulphide bond was highlighted in chapter 4 
for humanised versions of hDFM and hF(ab')2, and in other similar studies (King 
et a l ,  1994; Quadri et a l, 1993; Rodriques et a l ,  1993). This led to significantly 
higher tumour uptake levels and therapeutic ratios for hDFM.

Biodistribution results for murine DFM and F(ab')2 however were very 
similar, which was probably as a result of higher stability due to the presence of 3 
inter-heavy chain disulphide bonds compared to only one in the humanised 
version of F(ab')2- Biodistribution and dosimetry estimates revealed 
unacceptably high kidney accumulation for both DFM and F(ab')2 labelled with 

limiting the choice of radionuclide to l^^I. In addition estimated tumour 
dosimetry suggested that l^^I-DFM may be the best combination for RIT studies, 
due to the highest tumour: normal tissue ratio.

In the clinical study described in chapter 4, l^^I-hDFM proved to be 
effective in targeting tumours in all patients with known lesions, with an average 
maximum of 4% of the total injected activity. AUG estimates also revealed a 
slightly higher tumour: blood ratio for DFM (1.24) compared to mF(ab')2 (0.89) 
which is desirable for RIT. The most surprising finding was the high absorbed 
dose to the kidneys in all patients given l^^I-hDFM which was not apparent in 
the nude mouse xenograft model. More rapid clearance and faster catabolism in 
the mouse could explain these differences. MIRD calculations also revealed that 
absorbed kidney dose was 2.4 times higher than for l^^I-F(ab')2 which 
demonstrated low renal accretion. However it must be noted that only one as 
opposed to two (for hDFM) early scanning times were performed in the mF(ab')2
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study and this may have biased the data. Estimated dosimetry and MTD's for 
radiosensitive organs were considered which implied that the dose limiting 
organ for both hDFM and mF(ab')2 would be the kidney. However, previous RIT 
studies with A5B7 mF(ab')2 confirmed that this was not the case and 
myelotoxicity was the limiting factor (Lane et ah, 1994). Therefore it may be 
possible that higher doses of l^^I-hDFM for RIT could be tolerated well without 
toxicity to the kidneys.

7.1.4 F(ab')2
Both murine and humanised F(ab')2 versions had slower on-rates and 

faster off-rates than DFM. The reoxidised hF(ab')2 version also demonstrated 
lower tumour uptake compared to hDFM, this may be a consequence of lower 

stability of one inter-heavy chain disulphide bond compared to three in the 
murine version. An alternative could be to produce a construct that allows 
formation of multiple disulphide bonds in the hinge region of hF(ab')2. 
Dimérisation handles and other peptide sequences have been used to promote in 
vivo folding in E. coli, but problems with low expression yields has often limited 
the production of these fragments (Carter et at., 1992; Pack & Pluckthun, 1992).
An appropriate method to produce stable hP(ab')2 with multiple disulphides, 
perhaps consisting of a more flexible CH3 hinge region may be an attractive 
alternative to the use of cross-linking technology. The increase in flexibility 
could improve kinetic binding parameters similarly to hDFM but the presence of 
multiple hinge thiols may significantly reduce expression yields. Another 
approach could be to synthesise hlgC and enzymatically digest to hF(ab')2. 
However this method also has limitations in that whole hIgG can only be 
produced in mammalian cell expression systems (refer to IgG section above) and 
enzymatic digestion is not favourable on a large scale as immunoreactivity may 
be adversely affected.

7.1.5 Conclusions
In conclusion a major part of the work described here has contributed to 

the selection of new possible candidates to serve as carrier molecules for RIT. To 
summarise the findings here, two of the best combinations of antibody and 
radionuclide for RIT were identified as ^^y-IgG and l^^I-DFM. The future of RIT 
will rely on generating a non-immunogenic targeting vehicle which will allow 
retreatment. A humanised version of IgG has several potential disadvantages in 
terms of a longer circulating half-life and inability to express in bacterial systems. 
Normal tissue doses of ^^Y-labelled fragments may limit their use clinically. 
Consequently, RIT may be more effective with by continuous or fractionated 
dosing schemes or less toxic routes such as regional administration. Therefore
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hDFM appears to be the most appropriate choice combined with for future 
RIT studies.

Results from the clinical study involving implied that high
kidney accumulation may limit the amount of activity that may be administered 
for RIT. Consequently, l^^I-hTFM is an option that should not be eliminated.
The slightly longer circulating half-life of TFM combined with low kidney uptake 
due to the increase in size, and the advantages in functional affinity over IgG and 
F(ab')2 suggest that l^lj-hTFM may be a more appropriate combination for RIT.

Ultimately the final choice of optimal radionuclide and antibody for RIT 
based on A5B7 will require rigorous evaluation in the clinic. This will include a 
dose escalation study and dosimetric evaluation to predict potential toxicity at 
higher levels of administered activity and detailed immunogenicity analysis.

7.1.6 Future work
Of the many factors that contribute to effective tumour targeting, the 

antibody-antigen binding reaction is fundamental, yet so far it has been difficult 
to assess the true advantage of small differences in antibody affinity. For 
example, there was little difference in biodistribution and tumour uptake of 
murine DFM and F(ab')2 in the nude mouse xenograft model despite the 
significantly faster on-rate of DFM. Current research in the Dept. Clinical 
Oncology is concerned with designing a 3-D tumour dosimetry model for 
microscopic dose measurements with the aid of phosphor image technology to 
study the distribution of antibodies and fragments within tumours (A. Flynn- 
personal communication). A potential application of this and other similar 
models is to study the importance of binding affinity in areas of low or high 
antigen density within tumours. Initial experiments comparing the distribution 
of radiolabelled DFM and F(ab')2 within tumour sections (xenografts) have 
implied that DFM was retained in viable (cellular) areas for longer than F(ab')2 
which was more evenly distributed throughout cellular and necrotic regions.
This could be explained by the increase in functional affinity of DFM and may 
have implications for improved RIT. Future microdosimetric analysis may reveal 
the true potential of improved on and off-rates for DFM and TFM, which may 
further assist in the selection of antibody and radionuclide for RIT.

Although nude mice bearing human tumour xenografts constitute the best 
available animal model for testing the efficacy of new antibody-isotope 
conjugates, there are many significant differences in the clinical situation. The 
pharmacokinetics often differ between mouse and man, no allowance is made for 
HAMA responses, tumour architecture is different in xenografts and cross- 
reactions in mice are not usually a problem since normal tissues do not generally 
express the antigen. It must also be noted that the dosimetry calculations used
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here to predict tumour and normal tissue absorbed doses from trace label 
biodistribution studies in mice are estimated, and there are many inaccuracies on 
attempting to extrapolate to the clinical situation. Therefore as a result of these 
differences it is important, where possible, to compare low doses of new  
antibody-isotope combinations in the clinical setting before final decisions are 
made as to which combination would be most suitable therapeutically. It may be 
more practical to compare the most promising new combinations such as 1- 
DFM and l^^I-SkD PEG-DFM in other species of rodent or higher mammal. It 
would also be interesting to observe whether A5B7 ^^Y-TFM produced a similar 
higher level of toxicity to normal tissues compared to ^^Y-IgG since this was not 
observed in an analogous study with the antibody A33 (Antoniw et al., 1996).

The future of RIT will rely on generating a non-immunogenic targeting 
vehicle that will allow repeated treatment as required. Results from recent 
clinical studies involving humanised antibodies have suggested that 
immunogenicity is greatly reduced but so far these have all involved small 
numbers of patients. But, it has not yet been established whether the anti- 
idiotypic response directed against murine CDR regions will still prove to be a 
problem on repeated dosing. More extensive analysis is required involving 
larger clinical studies using humanised antibodies and fragments. Stephens et ah, 
(1995) suggested that development of weak anti-idiotype responses should not 
result in adverse reactions on subsequent administration of antibody. However, 
it is not yet known whether this is the case and other modes of reducing this 
response may be required. PEG is a flexible polymer which is known to reduce 
immunogenicity of proteins. Therefore attachment of PEG to hDFM could shield 
the CDR regions and maleimide linker from recognition by the hosts immune 
system, which may reduce anti-idiotypic immune responses.

Attachment of PEG has other potential advantages, as was demonstrated 
in chapter 6. PEGylation of DFM altered the pharmacokinetics by increasing the 
circulatory residence time and tumour uptake levels. Consequently longer 
retention in the circulation could reduce kidney filtration and uptake levels. If 
this could be achieved early after injection this may ultimately lower total 
absorbed dose to the kidney. Although antigen binding of 5kD PEGylated DFM 
was not affected, future work is required to determine whether the kinetic on 
and off-rate binding parameters are also retained. Furthermore PEG alters the 
solubility of molecules and this may improve ability to cross the extracellular 
matix of tumours. Work is in progress to investigate the therapeutic effects of 
l^^I-labelled 5kD PEG-DFM and to assess whether this combination will have a 
therapeutic advantage at similar levels of toxicity than unmodified l^^I-DFM.

To date the success of most RIT studies has been limited by the inability to 
deliver sufficient radiation doses to tumours to achieve consistent major
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responses. Future clinical RIT studies for treatment of colorectal cancer patients 
will involve the optimal choice of antibody and radionuclide. Therapeutic 
responses may be enhanced by combination with vasoactive drugs or bone 
marrow support. Furthermore identification of prognostic markers that would  
enable selection of patients that would be most likely to respond to RIT would be 
beneficial in future clinical protocols.

7.2 Radioimmunodetection
In recent years scFv fragments have become available through antibody 

engineering. Their small size and improved penetration makes them potentially 
more useful than whole antibodies or larger fragments for clinical applications 
such as tumour imaging (Colcher et al., 1990; Yokota et al., 1992). Phage display 
libraries have provided large repertoires of scFv's with potentially new  
specificities than could be generated from conventional hybridoma technology. 
The first example of a phage scFv selected for high affinity to be used clinically 
has recently been described (Begent et al., 1996). The bacterial production system  
involved the use of a his-tag and metal chelate chromatography (Casey et al.,
1995). Work described in this thesis contributed largely to producing this scFv 
(MFE-23) for clinical use, the clinical results are also described.

The main conclusions that can be drawn from this study are that an 
efficient purification scheme was established for production of large amounts of 
scFv suitable for clinical use. Clinical results proved that MFE-23-His has ideal 
characteristics for clinical imaging, a short p-half-life (5.3 h), low toxicity to 
normal organs, low immunogenicity and high tumour to blood ratios which 
allowed clinically useful images to be produced within 1 h of administration.

Another advantage of phage technology is the ease at which the DNA  
encoding the scFv can be manipulated. A hinge region containing a single 
cysteine residue similar to the one attached to hDFM was engineered onto the C- 
terminus of MFE-23. This has two applications for improving clinical potential 
by enabling site-specific technetium labelling and to facilitate multimerisation.

Currently there is a lot of interest in developing radiolabelling methods to 
site specifically conjugate 99mxc to antibody fragments for routine imaging 
purposes. 99mxc has favourable gamma energy emission, a short half life, is 
relatively inexpensive and widely available. Thus, 99m'pc may prove to be a 
more appropriate radionuclide than 123j for clinical imaging studies. Successful 
99mxc-labelling of the new construct was achieved using 2 labelling methods. 
Work is currently in progress to optimise the glucoheptonate labelling method 
for clinical use. Immunoreactivity was not studied here, but if 99mX(,-MFE-23-H-
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His is to be considered for future clinical imaging studies assessment of binding 
to CEA antigen is an essential pre-clinical test.

Although MFE-23-His localised to all known patient tumour deposits with 
high sensitivity, it is possible that imaging could be improved with the use of 
bivalent scFv's. Advantages in terms of higher affinity due to increased avidity 
have led to higher tumour uptake and retention of divalent scFv's (Adams et a l,  
1993; King et a l ,  1994). Thus the combination of bivalency and small size could 
prove to be more effective in locating small tumour deposits. A large amount of 
purified scFv is required for producing chemically cross-linked scFv dimers or 
trimers. In practice this proved to be the limiting factor for cross-linking of MFF- 
23 in this study. More efficient approaches used to assemble bivalent scFv's 
include the use of flexible linkers (Tai et a l,  1995) or hinge region bundle helices 
(Pack et al., 1993) that encourage spontaneous dimérisation in the periplasm of E. 
coli. Other groups have synthesised larger scFv dimers (SOkD) comprised of 
fusion to the CH3 domain referred to as minibodies (Hu et al., 1996), which 
demonstrate high tumour uptake levels (33% ia /g  at 6 h post injection), and fast 
clearance from the circulation yielding high tumour: blood ratios (45:1 at 24 h). 
Alternatively constructs based on fusion of streptavidin to scFv's can form 
dimeric (84kD) or tetrameric complexes (160kD) (Dubel et al., 1995). Multivalent 
scFv's in the future could prove to be superior to monovalent forms for clinical 
imaging studies.

In conclusion the scFv MFF-23 demonstrated ideal characteristics for 
clinical imaging. The design features of scFv's can be easily manipulated to allow  
99mxc or construction of multimeric species, which could further improve 
clinical potential.

7.3 Renal uptake o f antibody fragments
A  major problem identified by this and other studies is renal accretion of 

radiolabelled antibody fragments. High kidney uptake can compromise 
diagnostic accuracy by decreasing the sensitivity of images in the abdomen. This 
was highlighted in the clinical imaging study for I-MFF-23-His described in 
chapter 5, where the absorbed dose to the kidneys was, at all imaging times, 
greater than the dose to tumour. This effect is most apparent with intracellularly 
retained isotopes such as 99m-pc and renal accretion may seriously hinder the use 
of 99m'pc-labelled scFv's for clinical imaging.

These limitations may also have serious implications in the use of 
radiolabelled antibody fragments for RIT. The clinical study described in chapter 
4 indicated that high absorbed doses to the kidney on injection of l^^I-hDFM 
may limit the overall amount of activity that could be administered for RIT.



282

Ideally it would be desirable to reduce kidney uptake levels of l^lJ-hDFM as a 
high absorbed dose would ultimately contribute to overall myelotoxicity due to 
cross-organ absorbed doses.

Clearly an important area of research is to address the problems of high 
kidney uptake of radiolabelled antibody fragments and to investigate ways to 
minimise this problem. Most of the recent work in this area has focused on 
blocking the fixed negatively charged components of the glomerular capillary 
wall and renal tubules with large doses of basic amino acids so to inhibit 
reabsorption mechanisms thus lowering the renal retention of filtered proteins. 
This has been most effective in reducing kidney uptake in mice injected with 
radiolabelled antibody fragments. Similar dosing strategies to the published 
reports were adopted here employed but blocking effects were limited due to 
toxicity. Due to the vast differences in body size and absorption capacity it may 
be more appropriate to conduct these studies in man. However this there is 
evidence to suggest that the success of this approach may be limited by to 
requirement to administer doses of basic amino acids with tubular toxicity which 
may lead to permanent damage (Sumpio & Maack, 1982)

Constant flushing of the kidneys with large volumes of saline could be a 
more practical and less toxic approach to reducing renal uptake of antibody 
fragments. This has been effective in reducing kidney uptake in mice (R.B. 
Pedley-personal communication), but as yet there are no reports of studies in 
humans. Use of diuretics may be more practical if this method proves to be 
effective in patients.

Another approach has been modification of the antibody itself which can 
alter the overall charge and renal handling of radiolabelled antibody fragments. 
The experiments described here revealed that by conjugation of modifying 
groups to mask the positive charge of exposed lysine residues this lowered the pi 
and consequently reduced kidney uptake.

There are however limitations to this approach which requires high levels 
of modification to be effective. Consequently loss of immunoreactivity following 
modification usually occurs. It is possible that this problem could be minimised 
by protection of the CDR residues during conjugation or separation of non- 
immunoreactive material after modification. However, problems such as 
reproducibility would still remain if this process were to be scaled-up for clinical 
use. Modification with high levels of SPDP or biotin could also adversely affect 
immunogenicity. Paganelli and colleagues (1991), have reported low HAMA 
responses in clinical studies involving biotinylated antibodies probably as a 
result of fast clearance from the circulation with the aid of avidin clearing agents. 
In addition antibodies were derivatised with lower amounts of biotin than those 
modified in this study.
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PEGylation may still therefore be the most practical solution to modifying 

DFM due to the combined effect that could lead to reduced kidney uptake and 
immunogenicity. There is however one disadvantage of PEGylating antibody 
fragments concerned with the increase in circulatory half-life and lower tumour: 
blood ratios which are disadvantageous for imaging. Therefore PEGylation is 
most applicable to antibody fragments to be considered for RIT not RAID.

The crystal structure of A5B7 Fab and MFE-23 is known and molecular 
modelling of the 3-D orientation of these structures could provide information 
regarding exposed residues. Recent studies have involved changing various 
residues of MFE-23 in attempt to alter the binding affinity (Read et al., 1994). A 
similar approach could be used to modify charged residues preferably not 
involved in binding, and to study the renal uptake of charge modified fragments.

Other modification reactions have indirectly affected the biodistributition 
of antibody fragments. Modification with chelating polymers such as polylysine 
have been used to increase the number of sites for DTP A conjugation for site 
specific radiolabelling without unduly affecting affinity (Slinkin et al., 1993). It 
was found that non-specific uptake to normal tissues including the kidney was 
highest for positively charged polymers, whereas those with an overall negative 
charge resulted in lower background and non-target organ activities. Seymour et 
al., (1991) also suggested that a slightly negative charge on designing a polymer 
to conjugate to antibodies or fragments is preferable because of repulsion from 
the negatively charged surface of endothelial cells. Such repulsion coupled with 
increased molecular flexibility is also recognised to promote extravasation within 
tumour tissue.

In conclusion, the combination of reduced kidney uptake and a 
convenient method for site specific radiolabelling by conjugation of polylysine or 
similar peptides to antibody fragments could prove to be the most practical 
approach to improving antibody imaging. It is however not yet known whether 
these chelating polymers can be safely administered to humans, and whether 
immunogenicity would be a problem. In addition PEGylation appears to be the 
most attractive approach to reduce kidney uptake levels of ^^ll-A5B7 hDFM for 
future RIT studies.
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APPENDIX 1

THE CHEMISTRY OF MALEIMIDE CROSS-LINKING.

Step 1: Reduction of disulphide bonds
Disulphide bonds are formed when two cysteine residues crosslink 2 

different portions of a protein. Cysteine is a sulphur containing amino acid and 
the oxidised form of sulphur is relatively unreactive but, can easily be activated 
by reduction to the sulphydryl group or thiol (-SH) using relatively mild 
reducing agents. Any thiol containing reagents such as 2-mercaptoethanol or 
dithiothreitol can reduce exposed disulphide bonds but those buried inside a 
protein may not be amenable to reduction without protein unfolding (Wong,
1991). The reaction (Figure A l, step 1) involves disulphide interchange with a 
free thiol and complete conversion of disulphide to thiol can be achieved with 
excess reducing agents. The mechanism involves two sequential nucleophilic 
attacks by thiol anions (R-SH). The rate of reduction is dependent on 
concentration of thiol anion, pH and temperature.

EOT A or DTP A is added to the reaction buffer (usually phosphate or 
acetate) to chelate any oxidising metals and to slow the reverse reoxidation 
process to form disulphide bonds, which can be catalysed by metal ions.

Step 2: Measurement of free thiols
The presence of reactive thiol groups in a sample of the reduced antibody 

is measured using the colorimetric reagent 4,4, dithiodipyridine (DTD?) (Glennie 
et al., 1987). This reacts with free -SH groups and liberates 1 mole of thiopyridine 
for each -SH group, which can be detected at A 3 2 4nm (refer to Figure A l step 2).

Step 3: Maleimide cross-linking
The alkylation reaction occurs between the reactive -SH group and the 

double bond of the maleimide moiety resulting in a stable thioether cross- 
linkage. Maleimide linkers react fastest with thiol groups and are considered to 
be largely thiol specific. The reaction in Figure A l, step 3, shows an example 
using the cross-linker 1,6 Bismaleimidohexane (BMH). The sulphur nucleophile 
of the thiol attaches the double bond of the cross-linker resulting in a linkage 
between the two species. The electrons on the double bond are shifted to 
stabilise the product. Hydrolysis of the maleimide linker is a major competing 
reaction which decreases the efficiency of cross-linking and occurs more readily 
at higher pH and temperature and in dilute protein solutions. The reaction is 
usually performed at pH 6-8, at temperatures 2 5 - 3 7 and with high 
concentrations of protein.
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Step 1

Figure Al: The chemistry of maleimide cross-linking

SH + RS-S SH + HS

‘R-SH R-SH

Reduction of the disulphide bond at the hinge region of the antibody to form reactive 
thiol (-SH) groups.

Step 2

SH +
S -S

S-S

I Reaction of DTDP with free -SH groups is a disulphide exhange reaction which liberates 

thiopyridine.

Step 3

o o
îrA /H

N - ( C H 2 ) d ^  1
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Alkylation of reduced Fab' with maleimide cross-linker forms a stable thioether bond 
between two Fab' arms
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APPENDIX 2

THIOLATION AND CONJUGATION OF MACROCYCLE GROUPS TO 
ANTIBODIES.

Step 1: Thiolation
Traut's reagent or 2-iminothiolane (2-IT) is a protein modification reagent 

that reacts with primary amines to introduce -SH groups (Wong, 1991). On 
storage methyl 4-mercaptobutyrimidate cyclizes to form the stable reactive 
imidoester (Figure A2, step 1).

2-IT reacts with free amine groups (-NH2 ) of lysine residues rapidly at 
neutral pH and does not modify the net charge of the reacted protein (Figure A2, 
step 2). Disulphide bond formation may also occur between two thiolated 
proteins but is kept to a minimum by addition of EDTA or DTP A.

Step 2: Conjugation of macrocycle groups
The maleimide macrocycle cross-linker can be conjugated to generated 

-SH groups to produce a stable antibody-macrocycle conjugate in a similar 
manner to that described in Appendix 1 and by Turner et a l ,  (1994).
N.B. Attachment of PEG-maleimide to thiolated antibodies is also achieved 
using similar chemistry.
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Figure A2: Thiolation and conjugation of macrocycle groups to antibody
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Cyclization of methyl 4-mercaptobutyrimide to form 2-iminothiolane and methanol

Step lb
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Thiolation of -NH2 groups of antibodies with 2-iminothiolane. This reaction preserves 
the cationic charge of the lysines
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APPENDIX 3

IMMOBILISED METAL ION AFFINITY CHROMATOGRAPHY.

Immobilised metal ion affinity chromatography (IMAC) is a powerful 
affinity chromatography method introduced by Porath et ah, (1975). The ligands 
most often used in IMAC are first-row transition metals (Ni^+, Zn^+, Cu^+ and 
Fe^+) chelated by the support derivitised by iminodiacetic acid (IDA). IDA is a 
tridentate chelator binding the metal ion through its nitrogen atom and two 
carboxylate oxygens. As the metals will coordinate 4-6 ligands, the remaining 
sites are occupied by water molecules or buffer ligands, which can be displaced 
by the appropriate protein functional groups. Formation of a complex between 
the chelate and its bound metal ion with the protein leads to retention in IMAC. 
Figure A3 shows a diagrammatic representation of the planar structure of the 
chelate formed between Cu^+ and chelating sepharose fast flow IDA support 
which was used in this thesis.

M
A
T
R
I
X

r ' Î "
- C u -

H

I------

Figure A3: Postulated planar Cu^+ chelate with IDA (chelating sepharose fast flow) as a 
chelating group. IDA binds Cu^+ through its nitrogen atom and two carboxylate 
oxygens. One coordination site is occupied by water that will be substituted by a protein 
molecule during the chromatographic procedure. Diagram was adapted from Kagedal, 
(1990).
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The exposure of certain amino acids including cysteine, tryptophan and 

predominantly the imidazole ring of histidine on the surface of proteins is 
required for the absorption to transition metal ions immobilised on the support 
(Arnold, 1991). Proteins with a high affinity for given metal ions bind through 
open coordination sites and are retained on the column whilst other proteins 
without a high affinity for immobilised metal ion elute from the column during 
the wash.

IMAC has advantages over conventional affinity chromatography in that 
relatively mild elution conditions are employed to disrupt protein binding.
Either metal binding ligands such as imidazole can be used to compete for metal 
coordination sites thereby displacing the protein, or a reduction in pH can be 
used to protonate the histidine residues releasing the product. Strong chelators 
such as EDTA at the end of elution are used to strip metal ions from the column, 
which can subsequently be regenerated for further use.

The overall effectiveness of IMAC relies on : (1.) The affinity of metal ions 
for the resin and (2.) The ability to permit reversible interactions between 
immobilised metal ions and protein. The relative metal ion capacity for the IDA 
resin follows the order Cu^+ > Ni^+ > Zn^+ (Porath et al., 1975), where Cu^+ is 
most strongly bound to the matrix. Ni^+ and Zn^+ have the capacity to complex 
6 ligands and therefore after complexing to IDA, 3 remaining coordination sites 
are available for protein binding as opposed to 1 for Cu^+. Therefore a higher 
capacity for protein is achieved with the use of Ni^+ and Zn^+.

Recent advances include the development of a new NT A adsorbent which 
has four chelating sites for Ni^+ with greater stability and affinity than IDA resins 
(Hochuli et al., 1987). It has a particularly strong affinity for neighbouring 
histidine residues with minimal metal ion leaching. However, in a recent study 
of the IMAC purification of an Fv fragment with 5 x his tag at the C-terminus, 
Skerra et al., (1991) observed no difference in selectivity on the Ni^+-NTA support 
compared to a Zn^+-IDA support.
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Summary The monoclonal anti-CEA antibody, A5B7, has previously been administered to patients for 
radioimmunotherapy (RIT). Long circulation time and the formation of an immune response have limited 
therapeutic success in the clinic. Antibody fragments can be used to reduce the in vivo circulation time, but the 
best combination of fragment and radioisotope to use for therapy is far from clear. In this study we have 
compared the biodistribution of A5B7 IgG and F(ab' ) 2  with chemically cross-hnked divalent (DEM) and 
trivalent (TFM) A5B7 Fab' fragments in nude mice bearing human colorectal tumour xenografts. The cross
linkers were designed to allow site-specific labelling using yttrium 90 a high-energy jS-emitter. We have 
also compared the above antibody forms conjugated to both ’ '̂l and ^Y. Both DFM and TFM were fully 
immunoreactive and remained intact after radiolabelling and incubation in serum at 37°C for 24 h. 
Biodistribution results showed similar tumour uptake levels and an identical blood clearance pattern for F(ab')z 
and DFM with high tumour-blood ratios generated in each case. However, unacceptably high kidney 
accumulation for both F(ab' ) 2  and DFM and elevated splenic uptake of DFM labelled with ®°Y.was observed. 
Kinetic analysis of antigen binding revealed that DFM had the fastest association rate (kass= 1.6 x 10̂  Ms"') 
of the antibody forms, perhaps owing to increased flexibility of the cross-hnker. This advantage implies that 
DFM may be more suitable than F(ab' ) 2  radiolabelled with '^'l for RIT. TFM cleared from the blood 
significantly faster than A5B7 IgG when labelled with both '^'l and °̂Y, producing an improved therapeutic 
tumour-blood ratio. Kidney accumulation was not observed for [®°Y]TFM, but a slightly higher splenic 
uptake was observed that may indicate reticuloendothelial system (RES) uptake. Overall, tumour uptake was 
higher for ®°Y-labelled antibodies than for ' '̂l-labelled antibodies. Because of the faster clearance, it should be 
possible to administer a higher total dose of ®°Y-labelled TFM than IgG, which is attractive for RIT. Both 
A5B7 DFM and TFM, therefore, show favourable properties compared with their parent antibody forms.

Keywords: maleimide cross-linking; radioimmunotherapy; Di-Fab; Tri-Fab

The use of antibodies to deliver radiation selectively to 
tumours for therapeutic and diagnostic purposes is now well 
established (Waldmann, 1991; Jurcic and Scheinberg., 1994; 
Larson e t a i ,  1994). The murine A5B7 antibody raised 
against carcinoembryonic antigen (CEA) has been used for 
both imaging and therapy in nude mice bearing human 
colorectal tumour xenografts (Pedley e t  a i , 1993) and in 
patients (Lane e t  a l.,' 1994). However, results from cUnical 
trials using this antibody, and many other studies on the 
treatment of solid tumours, have been disappointing, 
considering the success in mice (Begent and Pedley, 1990; 
Delaloye and Delaloye, 1995). In spite of this, some patient 
responses to radioimmunotherapy (RIT) have been reported 
(Begent and Pedley, 1990; Lane e t  a l., 1994), suggesting that 
improvements to current methodology may be clinically 
beneficial.

There are a number of factors thought to influence 
antibody localisation to the tumour, which may account for 
the wide variation in tumour uptake levels between patients 
(Boxer e t a l., 1992). These include heterogeneous expression 
of antigen, variable levels of antibody achieved in the blood, 
the presence of circulating antigen, tumour vascularisation 
and the penetration of antibody into tumour tissue. In 
addition, RIT is often limited by the toxicity of circulating 
activity, particularly to the bone marrow. In attempts to 
overcome these problems, several strategies have been 
attempted to improve the delivery to tumours, while 
removing circulating radiolabelled antibody more rapidly, in 
order to reduce the dose to the bone marrow. These include 
the use of specific clearing regimens either in vivo or e x  vivo
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(Begent e t a l , 1987; Norrgren e t a l , 1993), the use of two- 
step targeting regimens (Goodwin e t a l , 1994) and the use of 
antibody fragments.

F(ab' ) 2  fragments have been widely investigated for RIT, 
both in animal models and in the clinic (Lane e t a l , 1994). It 
has been shown that, in some situations, F(ab') fragments 
may be more suitable for RIT than intact IgG labelled with 
'^'I (Buchegger e t a l , 1990; Yorke e t a l , 1991). However, 
comparatively few studies have attempted to identify the 
most suitable fragments for RIT with different isotopes. 
Small antibody fragments such as Fv and single-chain Fv 
(scFv) fragments showed improved penetration into tumour 
tissue (Yokota e t  a l , 1992). ScFv fragments also show 
favourable tumour-blood ratios and are potentially excellent 
reagents for tumour imaging (Chester e t  a l , 1994). However, 
the dose of antibody delivered to the tumour by these rapidly 
cleared fragments is relatively low and further development is 
required before a therapeutic tumour dose could be deUvered.

We have been evaluating alternative reagents comprising 
multivalent Fab's produced by chemical cross-linking. 
Chemically cross-linked di-Fab (DFM) and tri-Fab (TFM) 
have been prepared from the mouse-human chimeric Fab' 
fragment of B72.3 (King e t a l , 1994) and an engineered 
human form of the antibody (King e t  a l , 1995). Biodistribu
tion studies with these antibodies have revealed higher 
tumour accumulation than seen with scFvs, although 
clearance from the blood is still rapid. In addition, the 
choice of antibody fragment for RIT may be different for 
different isotopes. It is well known that the biodistribution of 
antibody fragments labelled with radioiodine is very different 
from those labelled with metallic radionuclides such as '"In, 
9oy, i7’Lu, ®’Cu and ®’”Tc (Brown e t  a l , 1987; Sharkey e t a l ,  
1990; Schott e t a l , 1992). The purpose of this study was, 
therefore, to determine which was the optimal form of the 
antibody A5B7 for RIT with the isotopes '^'I and "̂Y.
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In particular, we have developed methods for the production 
of murine versions of DFM and TFM of A5B7 to allow 
biodistribution studies of the murine antibody fragments in 
the nude mouse xenograft system. Although models of this 
type have been shown to have many limitations, particularly 
with regard to relative tumour size and accessibility, they 
have been shown to generate tumour-normal tissue ratios in 
mice similar to those observed in humans administered with 
the same antibody (Begent and Pedley, 1990). The 
biodistribution of the murine reagents produced here may 
be more representative of the behaviour of engineered human 
antibodies in patients than direct mouse studies with the 
recombinant humanised reagents.

Material and methods

P rep a ra tio n  o f  F (a b ' ) 2  fr a g m e n ts

A5B7, (IgG 1) was dialysed into 0.1 M sodium acetate, pH 
5.5, containing 3 m M  EDTA and concentrated by ultrafiltra
tion using a pressurised stirred cell fitted with a YMIO 
membrane (Amicon) to 10 mg ml"'. Bromelain (5 mg) 

.(Sigma) was activated by incubation with freshly prepared 
50 m M  cysteine (4 ml) in the same buffer for 30 min at 37°C. 
Activated bromelain was buffer exchanged on a Sephadex G- 
25 prepacked PD-10 column (Pharmacia) and the concentra
tion of enzyme determined by absorbance at 280 nm. 
Digestion was performed by incubation of antibody 
(approximately 100 mg) with enzyme at a ratio of 50:1 
(w/w) with gentle mixing at 37°C. Digestion was periodically 
monitored by high-performance hquid chromatography 
(HPLC) gel filtration analysis on a Zorbax GF-250 
analytical column (DuPont), at- a flow rate of 1 ml min ' 
with a 0.2 M sodium phosphate, pH 7.0, mobile phase, and 
was usually complete in 1 h. The reaction mix was adjusted 
to pH 6.0 with 0.1 M sodium hydroxide and bromelain was 
rapidly removed at 4°C by loading onto an SP-Sepharose 
(Pharmacia) column (approximately 30 ml) equilibrated with 
0.1 M sodium acetate, pH 6.0. F(ab')z was eluted with 0.5 m 
sodium chloride and further purified by gel filtration on a
2 m X 2.6 cm diameter Sephacryl S-200 (Pharmacia) column 
equilibrated in 0.1 M sodium acetate/0.1 m  potassium 
chloride buffer, pH 6.0, containing 3 m M  diethylenetriamine 
penta-acetic acid (DTPA), at a flow rate of 0.3 ml min"'.

C ross-lin k in g

Purified F(ab')z was concentrated by amicon ultrafiltration to 
approximately 5 mg ml"' and buffer exchanged to' 0.1 M 
sodium acetate, pH 8.0, containing 2 mM  DTPA. F(ab')z 
was partially reduced to form Fab' fragments to produce a 
free hinge thiol for cross-linking, using 2-mercaptoethylamine 
(Fluka) at a final concentration of 5 mM  for 30 min at 37°C. 
The reducing agent was then removed by desalting on a PD- 
10 column, and the presence of free thiols was measured by 
titration with 4',4'-dithiodipyridine (Sigma) and measurement 
of the thiopyridine released at 324 nm. Cross-linking to DFM 
was performed by incubating desalted reduced Fab' with 12- 
N4-macrocycle containing dimaleimide linker CT52, for 2 h 
at 37°C at a molar ratio of 2:1. TFM was prepared using 
Fab' in the same way by cross-linking with a 12-N4- 
macrocycle containing trimaleimide hnker CT998, at a 3- 
fold molar excess of Fab'-linker. Detailed synthesis and 
chemical structure of the cross-linkers, CT52 and CT998, has 
been previously described by King e t  a l. (1994).

Preparation of antibodies for labelling was performed 
under metal-free conditions. This was achieved by use of 
Milli-Q SP deionised water (Millipore), high-quality reagent 
buffers and metal-free containers. Purification of DFM and 
TFM after cross-linking was achieved by HPLC gel filtration 
using a Zorbax GF-250XL column run at a flow rate of
3 ml min"' in 0.2 M sodium phosphate, pH 7.0, containing 
2 m M  DTPA. To confirm purity, SDS-PAGE under non
reducing conditions was performed. To check for the

presence of reoxidised F(ab' ) 2  in the DFM, a small sample 
of DFM was reduced as above and alkylated with excess N- 
ethlymaleimide. HPLC analysis was used to calculate the 
percentage of F(ab' ) 2  in the sample relative to DFM.

P rep a ra tio n  o f  IgG  a n d  F (a b ’ ) 2  m a cro cyc le  conjugates

A5B7 IgG and F(ab' ) 2  were dialysed into 0.1 M sodium 
phosphate, pH 8.0, containing 2 m M  DTPA and incubated 
with a 10-fold molar excess of 2-iminothiolane hydrochloride 
(Sigma) for 30 min at room temperature. Unreacted reagent 
was removed by desalting on a PD-10 column equihbrated 
with the same buffer at pH 6.0, and a thiol assay was 
performed. A 3-fold molar excess of CT52 containing the 12- 
N4-macrocycle group for ®”Y labelling (Harrison e t al., 1991) 
was added to thiolated antibody or F(ab' ) 2  and incubated for 
2 h at room temperature. The number of macrocycles per 
antibody was determined by measuring the number of thiol 
groups remaining after addition of macrocycle. Suitable 
controls revealed that the loss of thiol groups by oxidation 
over time was negligible.

A n tig en  b indin g a n d  k in e tic  an a lysis

To determine the immunoreactivity of DFM, TFM and 
macrocycle conjugates compared with unmodified IgG and 
F(ab' ) 2  enzyme-linked immunosorbent assays (ELISAs) were 
performed.

Microtitre plates were coated with 100 p i of CEA antigen 
(perchloric acid extracted from a patient and affinity purified 
in the department of Clinical Oncology) at 2 p g ml"' in 
phosphate-buffered sahne (PBS, Sigma) for 1 h at room 
temperature, then blocked with 3% bovine serum albumin 
(BSA, Sigma) in PBS overnight at 4°C. Serial doubling 
dilutions (100/^1) of 10 //g ml"' DFM, TFM, F(ab')2 , IgG 
and macrocycle conjugates of IgG and F(ab' ) 2  in PBS/0.05% 
Tween 20, were applied to washed coated plates, for 1 h 
with gentle mixing. Plates were washed four times with PBS/ 
0.05%Tween 20 and four times with distilled water, and 
100 p i of anti-mouse peroxidase 1:1000 dilution (Amersham) 
was added and incubated for 1 h with gentle mixing. After 
washing, 100 1̂ of the substrate 0-phenylenediamine 
dihydrochloride (OPD, Sigma, 10 mg tablet dissolved in 
40 ml of 50 m M  citrate buffer, pH 5.0, with 8 1̂ of hydrogen 
peroxide) was applied to each well. After approximately 
5 min, the reaction was stopped by the addition of 4 M
hydrochloric acid. The optical density at 490 nM was
measured using a plate reader (Boots-Celltech Therapeu
tics). This assay was repeated to ensure consistent results.

Kinetic analysis was carried out by surface plasmon
resonance using the BIAcore system (Pharmacia Biosensor) 
to measure on and off rates of the above antibodies. CEA 
antigen was immobilised to biosensor chips using surface 
thiol chemistry or, alternatively, by aldehyde chemistry, and 
the immobilised antigen density was optimised in a similar 
way to that described previously (Abraham e t  a l , 1995). 
Kinetic binding parameters were' calculated using BIA 
evaluation software after correcting concentrations to nM 
binding sites (assuming two binding sites per antibody for 
IgG, F(ab' ) 2  and DFM, three for TFM and one binding site 
for F(ab'), such that antibody forms with different numbers 
of binding sites could be compared.

R ad io la b e llin g  a n d  an im a l s tu d ies

Labelling with '^'I was performed using the chloramine T 
method. Free iodine was removed using a PD-10 column 
blocked with 3% BSA and equilibrated in PBS, and 
percentage incorporation of radiolabel was analysed by 
thin-layer chromatography (TLC) analysis in 80% methanol.

Antibodies for ®°Y labelling were first desalted into 0.1 m 
MES buffer, pH 6.0, at concentrations > 1 mg ml"'. 
“̂Yttrium chloride (^YClj, Amersham) at 50 mCi ml"' was 
added to achieve a specific activity of 2 p C i //g"' and



incubated for 20 min at room temperature. The reaction was 
quenched by addition of 10 mM DTPA for 10 min at room 
temperature. Incorporation was measured by TLC in a 
mobile phase of 0.1 M citrate buffer, pH 5.0, and HPLC gel 
filtration was used to remove any unreacted ‘'“Y. Character
isation of antibodies after labelling was performed to ensure 
full immunoreactivity by applying a dilution of the 
radiolabelled antibody to a 1 ml CEA affinity column and 
measuring the percentage bound, as described previously by 
Casey et al. (1995). Stability of radiolabelled antibody was 
analysed by application of an aliquot of the sample to a 
Sephacryl S-300 column (110x1 cm). Fractions (1.3 ml) were 
monitored for or levels. Stability at 37°C in human 
serum for 24 h was also assessed.

Comparative biodistribution experiments were performed 
in the nude mouse colorectal xenograft model, LS174T 
(Pedley et a i, 1993).

Results

Preparation o f F(ah')2, DFM and TFM

Digestion of A5B7 with bromelain enzyme routinely 
produced approximately 70% fully immunoreactive F(ab' ) 2  

in 1 h. Purification of this F(ab' ) 2  resulted in material which 
was >90% pure as assessed by SDS-PAGE (Figure 1). 
Cross-linking of Fab' to DFM was monitored by HPLC gel 
filtration after a 2 h incubation period and resulted in yields 
of approximately 40% cross-linked dimer with less than 5% 
reoxidised P(ab')2 . For TFM cross-linking, yields of 
approximately 25% cross-linked trimer were obtained. These 
yields are relatively low compared with those obtained 
previously with recombinant antibody fragments, where 
yields of 70% (DFM) and 60% (TFM) have been observed 
(King et al., 1994). This is probably a result of using murine 
A5B7 Fab', which contains three hinge cysteine residues 
compared with recombinant Fab', which has a single hinge 
thiol residue. Optimisation studies have shown that higher 
cross-linking levels may be achieved on a larger scale at 
higher antibody concentrations. DFM and TFM were 
purified by HPLC gel filtration to >90% purity as 
illustrated by SDS-PAGE analysis in Figure 1.

- 2 0 0  kDa

- 1 1 6 k D a  

- 9 4  kDa

- 6 6  kDa

Figure 1 C onjugated to macrocycle S D S -P A G E  analysis ( 4 -  
20% gradient) under non-reducing conditions o f purified (a) 
D FM , (b) T F M , (c) F (ab ')2 , (d) IgG  and m olecular weight 
m arkers. Gel was stained with Coom assie blue.
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Antigen binding and kinetic analysis

Antigen binding analysis by FLISA demonstrated full 
reactivity of DFM and F(ab')2-macrocycle conjugate 
compared with that of native F(ab' ) 2  (Figure 2a). DFM  
also showed slightly higher binding than F(ab' ) 2  and the 
F(ab')2-macrocycle conjugate. TFM and IgG-macrocycle 
retained full reactivity (Figure 2b) compared with unmodi
fied IgG, and TFM also demonstrated a slightly higher 
binding than IgG and the macrocycle conjugate. It was 
important to analyse the immunoreactivity of antibody after 
modification, as high levels of reducing agent or 2- 
iminothiolane have been reported to cause loss of immunor
eactivity or aggregation (Turner et a i,  1994).

Kinetic analysis of antigen binding was performed using 
surface plasmon resonance with a BIAcore instrument 
(Pharmacia Biosensor). The amount of CFA coupled to the 
sensor chip was optimised in preliminary experiments using 
either PDFA surface thiol or aldehyde immobilisation. The 
optimal antigen binding density for kinetic analysis was 
determined at which the antibody-antigen interaction was 
minimal for mass transport (768 RU for aldehyde coupling 
and 2544 RU for surface thiol immobilisation of CFA). 
Table I shows a comparison of association and dissociation 
rate constants (ko„ and koff) for the antibodies studied.
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Figure 2 Antigen binding analysis by ELISA o f native, 
eonjugated and cross-linked antibodies, (a) N ative F(ab ' ) 2  (A), 
F (ab ' ) 2  conjugated to  macrocycle ( # ) ,  and D FM  (■ ) .  (b) N ative 
IgG  (A), IgG conjugated to macrocycle ( # ) ,  and T F M  (■ ) .  The 
assay was repeated to  ensure results were reproducible.
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comparing both immobilised CEA surfaces, the values being 
a mean of four serial dilatations of antibody (333 nM, 
167 nM, 83 nM and 42 nM). To compare forms of antibody 
with different numbers of binding sites, the values have been 
converted to nM binding sites for each entity. Monovalent 
Fab' was included in the evaluation and showed a 
considerably slower on rate (k,,,, 3.55x10'* mean of values 
for both surfaces) and faster off rate (k<jiss 1.25 x 10“* mean) 
than the multivalent species, presumably owing to the lower 
avidity of a single binding site compared with the divalent or 
trivalent antibody forms. The on rates were significantly

superior for DFM (kass 1.6 x 10̂  mean) when compared with 
mean values for both surfaces of P(ab' ) 2  (kas* 7.34 x 10'*), IgG 
(kass 5.3 X 10*) and TFM (kass 7.33 x 10*). However, there was 
little difference in off rate between the divalent and trivalent 
antibodies, P(ab' ) 2  and IgG: (kjiss 0.17 x 10“*-0.47 x 10“*). 
Surprisingly, the increase in avidity of TPM did not produce 
higher kinetic binding, although there was a clear advantage 
between mono- and divalent constructs. The dissociation rate 
constants measured were close to the lower limit of detection 
possible with the BIAcore system. In general, the results 
obtained with the CFA immobilised via surface thiol

Table I B IAcore kinetic param eters for an tibodies determ ined by binding to  C EA  im m obilised by either aldehyde 
coupling o r surface thiol chem istry

^ass
Aldehyde

( I xE4 M s-')  
Thiol Mean

^diss
Aldehyde

( l xE-4 s~') 
Thiol Mean

F ab ' 3.25 (4-1.3) 3.84 (± 0 .6 ) 3.55 1.44 (± 4 .0 ) 1.06 (± 1 .4 ) 1.25
F (ab ' ) 2 5.17 (± 1 .0 ) 9.50 (± 1 .2 ) 7.34 0.45 (± 0 .0 4 ) 0.18 (4-0.04) 0.32
D FM 12.5 (± 2 .6 ) 19.5 (± 2 .0 ) 16.0 0.47 (± 2 .5 ) 0.17 (± 0 .3 ) 0.32
T F M 5.46 (± 1 .7 ) 9.2 (± 2 .1 ) 7.33 0.43 (± 2 .1 ) 0.17 (+ 1 .3 ) 0.30
IgG 3.64 (± 1 .2 ) 6.96 (± 1 .6 ) 5.30 0.34 (± 0 .2 ) 0.20 (± 0 .0 3 0.27

V alues are corrected for num ber o f  binding sites and  m olecular weight and  presented as association and  dissociation 
constants. The values are average (m ean) values calculated from  analysis o f  four concentrations o f  an tibody, standard 
deviations are in brackets. The overall m ean values o f  b o th  couplng m ethods for kass and  kjiss are shown in the 'm ean ' 
colum ns.
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Figure 3 Gel filtration  profile o f radiolabelled antibodies incubated  in hum an serum  for 2 4 h at 37°C. (a) D F M  ( ■ )  and F(ab ' )2  

(A) labelled w ith *^'l. (b) D F M  ( ■ )  and F(ab')z (A) labelled w ith (c) T F M  ( ■ )  and  IgG  (A) labelled w ith '^T . (d) TFM  (■ )  
and IgG  (A) labelled with M olecular weight m arkers fo r 200 kD a and 60 kD a are m arked w ith an arrow . C .p.m  is a  measure 
o f radioactivity  in counts per m inute.
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chemistry showed faster on rates and slower off rates than for 
aldehyde immobilisation chemistry shown in Table I. This 
probably reflects the fact that the antigen density was 
significantly higher for the thiol-immobilised surface allow
ing more rebinding events to occur during the dissociation 
phase than with the alternative surface.

Radiolabelling and stability

TLC analysis of radiolabelled antibodies routinely revealed 
96-99% incorporation of ' '̂I and after purification. 
Antigen binding by application of a small sample of 
radiolabelled antibody to a 1 ml CEA affinity column 
revealed retention of 90-96% binding. A non-CEA anti
body was radiolabelled as a control and 2-10% total activity 
bound to the column.

Antibodies after labelling and incubation at 37°C in 
normal human serum remained intact and non-aggregated, 
as shown in Figure 3 by S-300 gel filtration chromatography.

Biodistribution study

The biodistribution of A5B7 Ffab'); and DFM, and also 
A5B7 IgG and TFM were compared in tumour-bearing mice 
over a 6 day period after radiolabelling with both ' '̂I and 90y.

1401

F(ab ' ) 2  and DFM

The tissue distributions of ' '̂I- and ^Y-labelled F(ab' ) 2  and 
DFM were compared at 3, 24, 48 and 144 h time points. The 
biodistribution of A5B7 F(ab' ) 2  and DFM labelled with '̂ ’I 
(Figure 4a and b) proved to be very similar, suggesting there 
is no significant difference in the stability of these fragments 
in vivo. Rapid clearance from the blood and normal tissues 
by 24 h produced high therapeutic tumour-blood ratios 
illustrated in Table II (38:1 F(ab')2 ; 26:1 DFM), which were

Table II T um our to  blood ratios o f percentage injected dose at 
various time intervals after injection o f  radiolabelled antibody

3h 24 A 4&A 144 h

[‘^ 'l]F (ab ' ) 2 0.8 38 50 71
[’^T]D FM 1.0 26 43 61
rY ]F (a b ')2 0.9 23 22 5.0
T y i d f m 0.9 40 27 7.0
[ '" l] Ig G 0.3 2.0 4.3 23
['^ 'I]T FM 0.5 6.0 12 44
r V j lg G 0.4 4.0 5.8 17
r V jT F M 0.4 15 15 14

D ata  are expressed as a m ean o f  four mice.
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Figure 4 B iodistribution o f (a) [‘^T]F(ab')2 , (b) [‘^T]D FM , (c) r Y ] F ( a b ' ) 2  and (d) T Y jO F M  in nude mice bearing LS174T hum an 
tum our xenografts. Time points a t 3 h  (first column), 24 h (second colum n), 48 h (third colum n) and 144 h (fourth colum n) after i.v. 
injection. Results are expressed as percentage injected dose per gram  o f  tissue; columns are a m ean o f four mice and bars represent 
standard  deviations.
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Figure 5 B iodistribution o f (a) ’^’l[IgG], (b) '^ ’ l[T FM ], (c) ^'^Y[IgG] and  (d) ^°Y[TFM ] in nude mice bearing LSI74T human 
tum our xenografts. Tim e po in ts a t 3 h  (first colum n), 24 h (second colum n), 48 h (th ird  colum n) and  144h (fourth  colum n) after i.v. 
injection. Results are  expressed as percentage o f  injected dose per gram  o f  tissue; colum ns are a m ean o f  four mice and bars 
represent s tandard  deviations.

retained over the 6 day period. Labelling with 
dramatically altered the biodistribution (Figure 4c and d) 
leading to very high accumulation in the kidney at early time 
points and throughout the 6 days, producing a very different 
clearance pattern to the iodinated fragments. High splenic 
uptake was also observed, which accumulated over time, 
especially for DFM (144 h: F(ab')z 8.5%; DFM 20%). 
Despite unfavourable uptake in the kidney and spleen, 
tumour uptake levels were similar to the iodinated fragments 
(48 h: rV jD F M  10%, ['^'I]DFM 6% injected dose per 
gram).

IgG  an d  T F M
The blood clearance of TFM, despite its similar size 
(150 kDa), was significantly faster than IgG ( f  <0.02, using 
the Mann-Whitney L-test non-parametric statistical analy
sis) as illustrated in Figure 5. This produced superior 
therapeutic tumour-blood ratios (Table II) at 24 h ‘ '̂I 
(IgG 2:1; TFM 6:1), (IgG 4:1; TFM 15:1) and 48 h " 'I 
(IgG 4:1; TFM 12:1), "̂ Y (IgG 5.8:1; TFM 15:1). The levels 
of activity accumulated at the tumour were increased by 
labelling with ^Y (Figure 5c and d); this persisted over time 
and was most apparent at later time points, e.g. at 48 h: ‘ '̂I 
(IgG 15% ID  g-'; TFM 10% ID g-'), ^  (IgG 25% 
ID  g-'; TFM 17% ID  g“ '). This may be caused by higher 
retention of yttrium-labelled conjugates in cells compared

with iodinated conjugates that are dehalogenated. The levels 
of radiolabel in the tumour for IgG and TFM were also 
greater than for F(ab')a and DFM fragments, probably as a 
result of slower clearance from the circulation. However, the 
lower molecular weight fragments produced high therapeutic 
ratios earlier, potentially reducing toxicity and, thus, 
allowing larger doses to be given. In contrast to “Y- 
labelled DFM and F(ab')z, kidney uptake levels of both 
r^^YjlgG and [“̂ YjTFM were relatively low. However, 
referring to the 144 h time point, it does appear that a 
greater proportion of [’’“YJTFM clears through the kidney 
than [^"YjlgG (TFM 9%, IgG 3.4%), and this is also 
reflected by the higher values in the liver for [’“YjIgG at this 
time point (TFM 4.4%, IgG 12.8%). Slightly higher splenic 
and femur uptake was observed for the [’”Y]TFM compared 
with pYjIgG, which may indicate non-specific uptake by 
the reticuloendothelial system (RES).

Discussion

It has been widely documented that antibody fragments 
injected into tumour-bearing nude mice give higher tumour 
to normal tissue ratios than the parent IgG (Buchegger et a i, 
1988; Pedley e t a l., 1993). Removal of the Fc portion may 
also be beneficial owing to the removal of binding sites for Fc 
receptors, thus lowering toxicity (Buchegger et al., 1992).



However, despite these potential benefits of using F(ab' ) 2  

fragments, the lack of the Fc portion exposes the hinge 
regoin, making it more susceptible to enzymatic and/or 
reductive breakdown. In addition, different F(ab% fragments 
have different in vivo  stabilities. For example, in a study 
comparing murine F(ab% from an IgG, antibody with 
chimeric F(ab' ) 2  of human subclasses 1, 2 and 4, it was 
reported that human Ig0 4  F(ab' ) 2  fragments were relatively 
unstable in vivo, human Ig0 2  the most stable and murine 
IgGl and human IgGi F(ab% of intermediate stability 
(Buchegger e t  a l., 1992). Chemically cross-linked F(ab% 
fragments and trispecific F(ab' ) 3  derivatives have been 
produced through use of bis-maleimide linkers using 
techniques developed by Glennie e t al. (1987) and Tutt e t  
al. (1991). Recombinant Fab's have also been synthesised 
with a single hinge thiol to facilitate cross-linking reactions 
(Carter e t  a l ,  1992; King e t  a l ,  1994) and scFv molecules 
with a C-terminal cysteine expressed, which allow cross- 
linking (Cumber e t  a l ,  1992). In some reports, increased in 
vivo  stability of the cross-linked fragments has been 
demonstrated (Quadri e t  a l ,  1993; King e t  a l ,  1994). 
However, as F(ab' ) 2  fragments vary in their in vivo  stabihty 
themselves, the nature of the F(ab' ) 2  fragments must be taken 
into account and direct comparisons in the same system are 
necessary. In this study, we have shown that A5B7 chemically 
cross-linked DFM and native F(ab' ) 2  fragments have similar 
in v itro  and in vivo  stability. Although higher splenic uptake 
was observed for p"T]DFM compared with [®°Y]F(ab')2 , there 
was no significant difference in levels of activity in tissues, 
including blood, kidney and tumour when labelled with either 
' '̂I or

The major site of antibody fragment catabolism in mice is 
the kidneys (Covell e t  a l ,  1986) and this was the normal 
organ with the highest level of ’̂ 'I and [®“Y]F(ab' ) 2  and DFM 
at early time points. Radioiodinated fragments undergo 
metabohsm to release low molecular weight fragments, 
which are rapidly released from cells and cleared (Press e t  
al., 1990), whereas radiometals are retained longer owing to 
cellular trapping of the chelate (Pimm e t  a l ,  1989). 
Biodistribution of antibody fragments labelled with ^̂ ’I and 
" ’In have been compared previously (Andrew e t a l ,  1988). 
For ’’’In-labelled F(ab' ) 2  > 60% of administered activity was 
retained in the kidneys compared with <10% for 
[’̂ ’I]F(ab')2 . This is similar to the difference we observe here 
for ®°Y-labelled F(ab' ) 2  and DFM; kidney-blood ratios are 
increased 3-fold at 3 h and over 100-fold at 24 h compared 
with ’̂ ’I-labelled fragments.

The stability of the attachment of radiochelate to antibody 
is an important determinant of therapeutic ratio, since some 
labelling methods, involving derivatives of the chelating 
ligand DTPA, produce relatively labile conjugates in vivo  
(Harrison e t  a l ,  1991). Weak ligands will lead to both a 
reduction in the amount of ®°Y-conjugate in the tumour and 
irradiation of the normal tissues with free ®°Y, especially 
proliferating tissues of the bone marrow, since °̂Y is a bone- 
seeking isotope (Hnatowicb e t  a l ,  1983). The development of 
new chelating agents, such as the macrocyclic chelating agent 
DOTA (Moi e t  a l ,  1988; Cox e t  a l ,  1989), have proved to be 
more stable in vivo (Hird e t  a l ,  1991; Harrison e t a l ,  1991). 
The cross-linkers used in this study contain the 12N4 DOTA 
macrocycle, which allows the site-specific attachment of ®”Y 
and this has the added advantage that there is no loss of 
antigen binding after radiolabelling. Attachment of radiolabel 
in random positions, as we describe here for IgG and F(ab')2 , 
leads to non-homogenous preparations owing to variation in 
the number of thiol groups generated, and may reduce 
immunoreactivity, if residues which contribute to antigen 
binding are modified.

Engineering an additional C-terminal cysteine residue on 
scFv or Fab' subunits and thus providing a free thiol group, 
may also be useful for site-specific radiolabelling with 
technetium-99m (Verhaar e t  a l ,  1996), again allowing 
retention of hnmunoreactivity as a result of conjugation 
distant from the antigen binding sites.
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The increase in valency and, therefore, avidity of divalent 
fragments over monovalent fragments produced a significant 
increase in kinetic association and dissociation rate-binding 
parameters. However, the increase in valency from divalent 
to trivalent molecules did not further increase kinetic binding. 
Three Fab' arms may not all be accessible for binding at the 
same time to a solid surface. Therefore, steric hindrance to 
antigen sites on solid surface may explain why an increase in 
association and dissociation rate was not achieved. A cell 
binding assay may be more representative of binding 
parameters in vivo; in a previous study improved binding of 
trivalent molecules over divalent F(ab' ) 2  was demonstrated 
using this type of assay (Werlen e t a l ,  1996).

The biodistribution of IgG and TFM in the xenograft 
model showed surprisingly faster clearance for TFM 
compared with whole antibody, despite having the same 
molecular weight. The same phenomenom has been observed 
with trivalent bis-maleimide-linked Fab' fragments described 
previously (King et a l ,  1994; Schott e t  a l ,  1993), and may be 
partially caused by the lack of the Fc portion thought to be 
responsible for the long circulation time of the intact 
immunoglobulin. Tumour accumulation of TFM was greater 
than for the divalent fragments, and similar levels to IgG 
were observed up to 24 h. The major advantage of faster 
elearance leading to lower blood toxicity is that for therapy a 
larger dose may be given. Again, by labelling with ®“Y, 
tumour retention is superior than for iodinated IgG and 
TFM owing to the absence of dehalogenation and/or ’̂ ’I 
metabolism. Several publications (Schott e t  a l ,  1992; Sharkey 
e t  a l ,  1990) have also reported this finding, which could also 
explain the higher percentage injected dose of the ’’’Y-labelled 
antibodies in normal tissues, such as kidney spleen and liver. 
The splenic uptake of ^Y-labelled DFM and TFM was 
notably higher than the F(ab' ) 2  and IgG. This indicates that 
there may be some RES uptake of the cross-hnked fragments. 
This will require further investigation and dosimetry 
evaluation with higher doses of radioconjugate.

In contrast to the divalent fragments, kidney accumulation 
was greatly reduced. This is presumably mainly due to the 
increase in molecular weight, although the slight increase in 
kidney levels of TFM compared with IgG suggest that there 
may be other factors, such as shape and charge, which also 
influence the filtration process (Sumpio and Hayslett, 1985). 
Catabolism of TFM to form F(ab' ) 2  or Fab' fragments could 
also occur, which may also contribute to increased kidney 
uptake. However, there is no evidence to suggest reabsorp
tion of fragmented TFM or DFM, or breakdown occurring 
in the serum, by HPLC analysis of serum from mice injected 
with labelled DFM and TFM (unpublished finding).

In the present study, DFM showed faster blood clearance 
than TFM and IgG and similar biodistribution to F(ab' ) 2  in 
the xenograft model. High kidney accumulation of both 
[90YJDFM and p°Y]F(ab' ) 2  and increased splenic uptake of 
[®°Y]DFM is clearly unacceptable for RIT. However, this 
high kidney and splenic uptake was not seen on labelling with 
’̂ ’I. DFM has a faster kon rate than F(ab' ) 2  and all the other 
antibody forms, which may be a consequence of the increased 
spacing or fiexibihty of the chemical cross-linker. Therefore, 
although the biodistribution data demonstrate equivalent 
tumour uptake levels, we conclude that A5B7 DFM, owing 
to its faster ko„ rate, may be more suitable than F(ab' ) 2  when 
radiolabelled with ’"I for RIT.

TFM clears faster from the blood than IgG and produees 
higher tumour uptake and lower kidney accumulation than 
DFM and F(ab' ) 2  radiolabelled with ’“Y. Although there is a 
slight elevation in splenic uptake, this combination avoids 
long blood circulation time, which is dose limiting, and 
spares the kidneys from damage by radiation accumulation. 
Therefore, from these results we conclude that ’̂’Y-labelled 
A5B7 TFM would be the most suitable antibody species for 
RIT.

The superior pharmacokinetics of murine versions of 
DFM and TFM compared with the parent IgG and F(ab' ) 2  

in v ivo , coupled with the ability to re-treat patients by using
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humanised forms, should provide improved clinical therapy 
in the future. A humanised Fab' version of A5B7 has been 
constructed (Adair et a i ,  1992) and preliminary data 
involving hDFM and hTFM are promising.
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Abstract

A new procedure is described for the purification of an anti-carcinoembryonic antigen (CEA) single chain Fv 
(scFv), referred to as MFE-23, from bacterial supernatant. A simple insertion of a hexa-histidine tail fused at the 
C-terminus (MFE-23 His) provides an affinity tag which selectively binds to transition metal ions immobilised on an 
iminodiacetic acid (IDA) derivitised solid phase matrix. This method proved to be superior to standard CEA antigen 
affinity chromatography in the following ways. (1) A higher yield was produced (10 mg/1 as opposed to 2.2 mg/1 of 
bacterial supernatant). The latter figure was largely affected by the limited availability (size of the column) of 
immobilised CEA antigen. (2) Scale-up was relatively simple and less costly. (3) The risk of tumour derived antigen 
leaching from the column is eliminated. Results showed that immobilised Cu^̂  ions were more effective than Ni^  ̂
and Zn^  ̂ ions in retaining the His tagged product giving a 90% pure product on elution. Clinical grade material was 
generated using size exclusion chromatography to remove aggregated material, and Detoxi gel to remove bacterial 
endotoxins. Validation assays to measure DNA, copper and endotoxins were performed to assess the levels of 
contaminants. MFE-23 His retained 84% antigen binding after 6 months storage at 4°C and >75% after 
radiolabelling. Further experiments confirmed that the His tail did not affect biodistribution and tumour localisation 
in nude mice bearing human colorectal tumour xenografts.
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1. Introduction

The use of monoclonal antibodies (Mabs) and 
their fragments is now well established for thera
peutic and diagnostic antigen specific targeting of 
colorectal cancer (Begent and Pedley, 1990). 
However, the ability to deliver therapeutic doses 
of radiation to tumours has been limited by the 
retention of radiolabelled Mabs in normal organs 
and the slow clearance from the circulation re
sulting in bone marrow toxicity (Begent et al., 
1989). Furthermore, whole antibody or enzyme 
digested fragments have poor diffusion character
istics, slowly penetrating through tumour masses 
after extravasation (Boxer et al., 1992). The re
cent development of genetically engineered single 
chain Fv (scFv) molecules which consist of only 
the antibody variable regions held together by a 
flexible linker to increase stability (Huston et al., 
1993) have the potential to alleviate some of 
these problems. Studies have shown that scFvs 
with their smaller size (27 kDa) penetrate tu
mours more rapidly and evenly than do larger 
fragments and intact Mabs. They may also clear 
from the circulation within hours of administra
tion (Yokota et al., 1992). In addition smaller size 
molecules lacking constant regions, have the po
tential to reduce the host immune response to 
antibody, the production of which is a major 
limiting factor to repeating antibody therapy 
(Ledermann et al., 1988).

The advent of phage technology has permitted 
the generation of a large number of new scFvs 
which can be selected for desired characteristics. 
For example high affinity scFvs can be selected 
from large libraries for potential clinical use 
(Hawkins et al., 1992). ScFvs can be expressed in 
soluble form in mammalian cells or alternatively 
in Escherichia coli {E. coli). Since the fermenta
tion of bacteria is both rapid and inexpensive, it 
could form the basis for an improved method of 
production in clinical studies (Chester et al., 
1994a). It is therefore essential that purification 
systems adapt to handling large volumes of bacte
rial extracts and validation studies are performed 
to ensure removal of contaminants by the various 
chromatographic steps.

Traditionally, Mabs and antibody fragments

have been purified using immunoaffinity or ion 
exchange chromatography. Anti-CEA antibodies 
can be purified using antigen affinity columns, 
which are highly specific but consist of tumour 
derived antigen which tends to leach out during 
elution of antibody. Clearly, this is undesirable 
when purifying clinical grade material. In addi
tion it is often impractical and costly to scale-up 
antigen columns to handle large volumes of mate
rial. Ion exchange chromatography overcomes 
some of these problems, but has other disadvan
tages such as low selectivity and instability at low 
ionic strengths leading to precipitation of protein 
during the procedure.

Recombinant DNA technology enables inser
tion of specific sequences or genes by fusion to 
the protein of interest; which can provide ‘affinity 
handles’ designed to bind specific matrices en
abling the selective purification of the protein of 
interest. Examples of affinity tail fusion proteins 
include protein A, /3-galactosidase and maltose 
binding protein (reviewed by Narayanan, 1994). 
However, problems encountered when using these 
particular affinity tags include the incorrect fold
ing of recombinant molecules masking the ligand 
binding site, and the requirement to cleave off 
the fusion protein and repurify the parent pro
tein. c-myc oncoprotein fusion tags have been 
widely used (including this study) to ease the 
detection of recombinant proteins via an anti-c- 
myc antibody. However, for the preparation of 
clinical products the use of oncogene derived 
determinants such as c-myc is not desirable.

An improved purification process applicable to 
scFvs has been developed by genetically engineer
ing sequences of amino acid tails or tags away 
from the antigen binding site by insertion at the 
N- or C-terminus. In a study carried out by Skerra 
et al. (1991) it was reported that the addition of a 
five amino acid polyhistidine tail proved to be a 
stable product which could be purified by immo
bilised metal ion affinity chromatography (IMAC) 
making the use of its high affinity for transition 
metal ions.

In this study we have inserted an amino acid 
tail consisting of six consecutive histidine amino 
acid residues (6 X His) at the C terminus of an 
anti-CEA scFv antibody. The native scFv contains
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only two naturally occurring histidine residues 
and hence the histidine addition provides a tail 
which can be used to selectively purify the scFv 
by IMAC.

IM AC is a powerful affinity chromatography 
m ethod introduced by Porath et al. (1975). It 
exploits the interaction betw een proteins and 
transition metal ions im m obilised on a support 
derivitised by ID A , A,iV,iV'-tris-(carboxymethyl)- 
ethylenediam ine or nitrilotriacetic acid (N T A ) 
groups. The exposure o f certain amino acids in
cluding cysteine, tryptophan and predominantly 
the im idazole ring o f histidine on the surface o f  
proteins is required for the absorption to transi
tion m etal ions im m obilised on the support 
(Arnold, 1991). Proteins with a high affinity for 
given m etal ions bind through open coordination  
sites and are retained on the colum n whilst other 
proteins without a high affinity for im m obilised  
metal ion elute from the column during the wash. 
IM AC has advantages over conventional affinity 
chromatography in that relatively mild elution  
conditions are em ployed to disrupt protein bind
ing. Either m etal binding ligands such as imida
zole can be used to com pete for m etal coordina
tion sites thereby displacing the protein, or a 
reduction in pH  can be used to protonate the  
histidine residues releasing the product. Strong 
chelators such as E D T A  at the end o f  elution are 
used to strip m etal ions from the column. IM AC  
has wide applications. It has been  used to purify 
many biological materials including interferons 
(Hochuli, 1988), a-feto-protein  (Itami et al., 1987) 
and M H C class II m olecules (N ag et al., 1994) 
with a range o f m etal ions including N i^ \  Zn^'^, 
Fe^^, and Co^^. IM AC has also been  exploited  
as an analytical tool to  study exposure o f certain 
amino acid residues on the surface o f the pro
teins (Hem dam  et al., 1989). M ore recently histi
dine tails have been  engineered into many recom 
binant proteins to facilitate this purification tech
nique, for example the isolation o f histidine 
tagged peptides from com plex mixtures (Yip et 
a l ,  1989). In this paper w e explore the use o f  
IM AC to prepare clinical grade anti C E A  scFv 
antibodies with the aid o f a hexahistidine C- 
terminal tail.

2. M aterials and m ethods

The preparation o f  clinical grade material re
quires particular precautions which are not nec
essary in the preparation o f laboratory products. 
The clinical grade scFv produced here was in 
accordance with the guidelines specified in the 
Cancer R esearch Campaign control operation  
m anual for recombinant products (B egent et a l ,  
1993). A  summary o f the guidelines for the qual
ity and safety o f clinical products include:
(1) designated sterile work areas and equipm ent 

which will prevent contam ination o f the puri
fied product;

(2) full details o f product developm ent including 
expression systems and D N A  sequencing;

(3) preparation o f a clinical seed lot including 
testing for hom ogeneity and reactivity on  
storage;

(4) purification details and reproducibility;
(5) final product characterisation including con

tam ination levels, potency, biological activity 
and toxicity.

Standard operating procedures (SO Ps) have 
been  drawn up for each individual stage o f the 
production process outlined above. A s full details 
and records are beyond the scope o f this paper, 
here w e have em phasised only the new purifica
tion technique and finished product characterisa
tion.

2.1. Single chain Fv

M FE-23 is a high affinity scFv antibody =  
2.529 nm ol/1  SD  +  1.3) which was selected  from  
a pH E N  phagem id library generated by immunis
ing B A L B /c  m ice w ith carcinoembryonic antigen  
(CEA). It has been  shown to selectively localise 
in nude m ice human colorectal tumour xenografts 
(Chester et a l ,  1994b).

2.2. Subcloning and expression of the poly histidine 
tail

The gene encoding M FE-23 was subcloned  
into a pU C  119 expression vector to contain  
6 X H is at the C-terminus (Fig. 1, M FE-23 H is
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linker VL MFE-23VH MFE-23 H ls tag

HIS TAG...

VL.
H H H H H H * *

.CATCACCATCATCACCATTAATAA

Fig. 1. Schematic representation of MFE-23 subcloned for 
expression containing the gene for 6xHis at the C terminus. 
For antibody expression the vector (Hawkins et ai., 1994) 
contains a Pel B signal sequence which directs scFv into the 
bacterial periplasm, from here the scFv is released into the 
supernatant (Pluckthun, 1990). ' Denotes stop codon.

vector). The construct was transfected into E. coli 
TGI cells using electroporation and plated onto 
2 X TY agar containing 100 f ig/ml  ampicillin and 
1% glucose. An individual colony was used to 
produce a seed lot in accordance with safety 
guidelines (Begent et al., 1993) and DNA se
quencing was employed to confirm identity. For 
expression, seed lot aliquots were cultured in 
2 X TY medium containing 100 f ig/m\  ampicillin 
and 1% glucose at 37°C shaking for 16-20 h. 
Cells were grown until a cell density of 0.9 at an 
optical density (OD) 600 nm was acheived. Pro
duction of scFv was promoted by the addition of 
1 mM isopropyl jS-o-thiogalactoside and the tem
perature reduced to 30°C for a further 16 h. Cells 
were pelleted at 11300 X g and the supernatant 
containing the MFE-23 His was passed through 
0.45 jim  followed by 0.2 ixm 1 litre Nalgene 
disposible filters (Fisons, Loughborough, UK).

2.3. Concentration and dialysis of MFE-23 His 
supernatant

The bacterial supernatant was concentrated 
using an Amicon CH2 ultrafiltration system 
(Amicon. Stonehouse, Glocestershire, U.K) in
corporating a RA2000 reservoir and SIYIO spiral 
cartridge with a molecular weight cut off of 10 
kDa. To sterilise the ultrafiltration system for the 
clinical grade material it was washed in Hospec 
neutral detergent followed by 0.1 M sodium hy
droxide and pyrogen free water (Baxter, Norfolk, 
UK) to neutrilise. MFE-23 His culture super

natant (1-4 litres) was concentrated to 200-300 
ml and pressure dialysed against sterile phos
phate buffered saline pH 7.2 (Dulbecco’s PBS, 
Sigma, Poole, UK). The crude MFE-23 His was 
centrifuged at 6300 X g for 20 min at 4°C and 
re-filtered using 0.45 pm  and 0.2 pm  Nalgene 
filters to sterilise and remove any large protein 
aggregates which may have formed during the 
concentration steps.

2.4. Purification

IMAC purification was optimised on a small 
scale using non sterile conditions. Clinical purifi
cation procedures were performed under rigor
ous conditions, using sterile glassware, dispos
ables and chemicals. All buffers were made with 
pyrogen free water. Imidazole solutions were 
buffered with Dulbecco’s sterile PBS containing 1 
M sodium chloride (NaCl) to supress ionic inter
actions, thereby improving selectivity of the metal 
for the histidine ligands (Sulkowski, 1985).

2.5. IMAC

A 10 X 2.5 cm Econocolumn (Bio-Rad, Hemel 
Hempsted, UK) was packed with 40 ml chelating 
Sepharose fast flow (Pharmacia Biotech. St Al
bans, UK) and equilibrated under gravity with 
100 ml water. Metal ions (100 ml) were loaded as 
0.1 M copper sulphate, zinc chloride or nickel 
chloride (Sigma) in water and washed through 
with the same volume of equilibrium buffer 
(PBS/1 M NaCl). NaCl was added to the concen
trated dialysed supernatant to a final concentra
tion of 1 molar to prevent leaching of metal ions 
from the column (Sulkowski, 1985). Up to 300 ml 
supernatant was loaded and the unbound mate
rial collected. Competitive elution was carried 
out using an imidazole gradient of 40, 60, 80, 100 
and 120 mM, collecting 250 ml batchwise of bound 
product at each step. The column was regener
ated by stripping metal ions with 100 ml of 50 
mM EDTA and re-equilibrated with several col
umn volumes of water.

All fractions were dialysed into PBS to remove 
salt, eluting agents and any metal ions which may 
have leached from the column. The fractions
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were then pooled and concentrated using stirred 
cell ultrafiltration and a PMIO membrane 
(Amicon) for SDS PAGE analysis. To increase 
recovery of clinical material all dialysed fractions 
excluding the 120 mM imidazole fraction were 
subsequently pooled and reapplied to the col
umn.

2.6. Gel filtration

The IMAC purified material was further puri
fied by size exclusion to remove aggregates and 
metal ions. The concentrated, dialysed 0.22 jitm 
sterile filtered (Gelman, Northampton, UK) 120 
mM imidazole fraction was applied to a 350 ml 
Sephacryl S-100 (Pharmacia Biotech) column (XK 
16/100, Pharmacia Biotech). Fractions were 
measured at ODggg relevant fractions were 
pooled and concentrated, using stirred cell ultra
filtration and stored at 4°C.

2.7. Affinity chromatography

2 litres of MFE-23 His which had been con
centrated and dialysed in PBS (400 ml) was puri
fied using a 6 ml cyanogen bromide activated 
Sepharose 4B (Pharmacia Biotech) affinity col
umn coupled to CEA (8 mg). CEA was obtained 
from a patient’s colorectal tumour liver metasta
sis by extraction using perchloric acid (Keep et 
al., 1978). One column pass of 30 ml supernatant 
per run was performed.

2.8. Bacterial endotoxin removal

A 10 X 2.5 cm Econocolumn (Bio-Rad) was 
packed under gravity with 10 ml of Detoxi gel 
(Pierce Warriner, Chester, UK) and equilibriated 
with sterile PBS. 10 ml of the concentrated puri
fied product was loaded, carefully mixed with the 
gel and incubated overnight at room temperature 
in a sealed colunrn. The product was eluted by 
washing with 30 ml PBS.

2.9. Final product testing

Samples at each purification stage were anal
ysed for endotoxin levels using Limulus ameobo

cyte lysate (LAL) gel clot vials (Atlas Bioscan, 
Bognor Regis, UK) according to the manufactur
ers’ recommended instructions; a further aliquot 
(three times the patient dose) was tested by injec
tion into rabbits (Safepharm Laboratories, Derby, 
UK). Bacterial supernatant containing MFE-23 
His, semi-purified MFE-23 His and the final 
product were tested for the presence of bacterial 
DNA using the Digoxigenin (DIG) DNA la
belling and detection assay (Boehringer 
Mannheim, Lewes, UK). A probe was con
structed using a mixture of equal proportions of 
MFE-23 plasmid DNA and total bacterial DNA. 
DIG labelled DNA probes were detected after 
hybridisation to target samples by enzyme-linked 
immunoassay using an anti-DIG alkaline phos
phatase conjugate. The probe was sensitive to 12 
pg of DNA. The final product was also assayed 
for Cû  ̂ content and compared with earlier pu
rification stages, using flame photometry (Trace 
Element Laboratory, University of Surrey). An 
aliquot was also protein sequenced using amino 
acid analysis by the CRC protein sequencing fa
cility (University College of London); to confirm 
homogeneity of the final product and cleavage of 
the pelB leader sequence in the periplasm. Stabil
ity of the antibody was assessed by storing aliquots 
at 4°C and -70°C and subsequently analysing 
samples at certain time intervals using a Superose 
12 HR 10/30 (Pharmacia) FPLC column. Fig. 5 
illustrates the trace for MFE-23 His stored at 
-  70°C for 6 months. Retention of antigen bind
ing following 6 months storage at 4°C was mea
sured by applying a known amount of purified 
antibody to the CEA affinity column (refer to 
section 2.7) and quantitating the % bound 
(specific activity). These values were compared by 
applying a known amount of MFE-23 His previ
ously purified using the same column.

2.10. lodination of MFE-23 His

Radiolabelling of MFE-23 His with iodine-125 
(̂ ^̂ I) was performed using the chloramine T 
method (Greenwood and Hunter, 1963). Typically 
67-250 iig of purified product in 0.5 ml was 
radiolabelled to give specific activities of 167-481 
MBq/jLig.
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Table 1
Bacterial endotoxin and copper removal in each chromatographic step
Purification step Endotoxin EU/ml p, mol/1

Supernatant
Cû "*" chelate column eluate:

50000 -

pre dialysis (120 mM fraction) - 75
post dialysis (120 mM fraction) 750 8

Gel filtration S-100 eluate 25 3.4
Detoxi gel eluate (final product) <2.5 -

2JL Analysis of radiolabelled product

Thin layer chromatography (TLC) was per
formed to measure incorporation. Antigen 
binding was also assessed by applying a dilution 
of the radiolabel to a CEA coupled Sepharose 4B 
(1 mg CEA; 1 ml column volume). The unbound 
fraction was washed through with 2 column vol
umes of PBS and the bound fraction with the 
same volume of 3 M ammonium thiocyanate. A 
control scFv B1.8 which is not specific for CEA 
and MFE-23 containing a c-myc tag (MFE-23 
myc) were tested as a comparison. The unbound 
and bound fractions were analysed for activ
ity using a gamma counter. Stability assessments 
were carried out by applying a sample of the 
radiolabel and unlabelled product to a 15% SDS 
PAGE minigel. The ^̂ Î-MFE-23 His was visu
alised by autoradiography and the unlabelled 
product by Coomassie blue staining. ^̂ Î-MFE-23 
His was also applied to a 100 ml Sephacryl S-100 
column (115 X 1 cm). 1.5 ml fractions were col
lected and counted for activity.

2.12. In vivo xenograft experiment

125
Tumour localisation and biodistribution of 
I-MFE-23 His was carried out in TO nude

mice bearing LS174T human tumour xenografts. 
MFE-23 myc which had been previously charac
terised, affinity assessed and shown to localise in 
human tumour xenografts (Chester et al., 1994b) 
was included as a comparison. Radiolabelled an
tibody was administered into the tail vein of mice, 
when the tumours were approximately 0.5 g in 
weight. Each mouse received 5 jug/lO fiCi of 
^̂ Î-labelled antibody and four mice from each 
group were killed 24 h later. Tissues and blood 
samples were removed, weighed, digested in 7 M 
potassium hydroxide for 24 h and assessed for 
activity using a gamma counter.

3. Results

3.1. Optimising IMAC

Nî "̂ , Zn̂ "̂  and Cû  ̂ were compared for effi
cacy as metal ions for IMAC solid support. SDS 
PAGE electrophoresis (Figs. 2A-2C) showed that 
in general the majority of non specific proteins 
were washed through the column in the unbound 
fraction. Further impurities were eluted by com
peting with low concentrations of imidazole 10-40 
mM (data not shown). Increasing the concentra
tion of imidazole to compete for metal binding

Table 2
Specific activity of MFE-23 His purified using IMAC (a-c) and CEA antigen affinity chromatography (d)
Antibody applied 
to column (mg)

Unbound
(mg)

Bound
(mg)

Specific activity 
(%)

(a) 2 0.35 0.76 69
(b)l 0.23 0.68 75
(c)0.5 0.09 0.40 81
(d)l 0.10 0.83 89

The specific activities were based on antibody levels recovered, as some losses occurred on dialysis and concentration steps. The 
mean % bound specific activity for the IMAC purified material (a-c) is 75%.
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sites results in elution of His tagged product. This 
stepwise imidazole gradient was useful for com
paring the efficiency of antibody binding to Nî "̂ ,

21- ^

M a b c d e f g

139- # '
87-
48- #

33; g W # # #

21- #

M a b c d e f g

c
139-

87-

48- m

Zn̂ "̂  and Cû '*' immobilised metal ions and the 
level at which pure product eluted from the col
umn. Any remaining product eluted when the 
column was stripped with EDTA. Fig. 2A illus
trates that impurities were present in all imida
zole elution and EDTA fractions when the col
umn was primed with Ni^^. There was also visible 
leaching of Ni^^ on imidazole elution reflecting 
the weak binding affinity of Ni^^ to the column. 
In contrast, when the column was primed with 
Zn^^ the imidazole gradient was more effective 
in producing pure product (Fig. 2B) than when 
Ni^^ was used. However the 80-120 mM imida
zole and EDTA fractions contained some remain
ing impurities (Fig. 2B a-d). The best elution 
profile was produced by priming the column with 
Cu^^ ions, pure product eluted at 60-120 mM 
imidazole and EDTA fractions (Fig. 2C a-e). 
Although pure product also eluted in the EDTA 
fraction this could not be further processed for 
clinical use due to the presence of high levels of 
copper ions which were difficult to remove even 
after extensive dialysis. This fraction was dialysed 
and reapplied to the column. Considering these 
results, copper was selected as the immobilised 
metal ion for clinical production of MFE-23 His. 
To ease handling large volumes of the clinical 
batch a step gradient of 40 and 120 mM imida
zole concentrations was employed as illustrated 
in Fig. 3. Impurities were separated by eluting 
with 250 ml 40 mM imidazole (b) from pure 
product at 120 mM imidazole (250 ml) (c) in a 
single chromatographic step.

3.2. Purity and yield

Gel filtration of the clinical grade MFE-23 His 
revealed that 90% of the product was in monomer 
form after one purification step. Large molecular

33- #  
29- Ü

21-

' aSSSm

M a b c d e f g

Fig. 2. SDS PAGE analysis of ( A )  Ni^+, (B )  Zn^+ and (C) 
primed IMAC column fractions, (a) EDTA fraction; (b) 

120 mM imidazole fraction; (c) 100 mM imidazole fraction; 
(d) 80 mM imidazole fraction; (e) 60 mM imidazole fraction; 
(f) 40 mM imidazole fraction; (g) unbound wash through. 
M = low molecular weight markers (Bio-Rad). Gels were 
stained with coomassie brilliant blue R250.
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139 -

8 7 -

4 8 -

3 3 -

29 -

M
Fig. 3. SDS PAGE analysis of optimised chelate column 
fractions, a: unbound wash through; b: 40 mM imidazole 
fraction; c: 120 mM imidazole fraction; d; EDTA fraction. 
M = low molecular weight markers.

weight material was effectively separated from 
the product shown in Fig. 4. The final product 
yield of the clinical batch was approximately 10 
mg/1 of supernatant at OD280 nm using the extinc

tion coefficient of 0.7. The affinity purified mate
rial produced a 2.2 mg/1 yield with a single pass 
through the column.

3.3. Final product evaluation

The contamination levels of clinical grade 
MFE-23 His with bacterial endotoxins and cop
per at each chromatographic step are shown in 
Table 1. The results showed that Detoxi gel was 
effective in removing at least one log scale of 
bacterial endotoxins from the purified scFv with 
no decrease in yield. The final product was also 
confirmed as non pyrogenic by in vivo rabbit 
testing. The extent of ligand leaching was also 
monitored by Cu^^ analysis. Copper levels were 
largely reduced after extensively dialysing and 
very low levels are present in the final product. 
DNA was not detected (sensitivity of assay = 12 
pg) in the final purified product. Protein sequenc
ing of the first 15 N-terminal amino acids of the 
protein showed consistency with the DNA se
quence. This also confirms that the pel B leader 
has been cleaved in the periplasm. Stability as
sessments at 4°C and -70°C up to 6 months 
showed one peak on FPLC analysis consistent 
with the molecular weight of scFv and no evi-
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Fig. 4. Gel filtration elution profile for MFE-23 His on S-100. 
The smaller peak consists of large molecular weight material 
which can be separated from MFE-23 His at 27 kDa. The 
column has been calibrated with the molecular weight marker 
carbonic anhydrase 29 kDa.
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Fig. 5. Superose 12 HR 10/30 trace of MFE-23 His stored at 
-70°C for 6 months. A single peak at 13.3 cm is consistent 
with the molecular weight of scFv at 27 kDa. The column has 
been calibrated with the molecular weight marker carbonic 
anhydrase 29 kDa.
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dence of aggregation. Fig. 5 illustrates the trace 
for 6 months storage at -70°C. Retention of 
antigen binding on 6 months storage at 4°C is 
shown in Table 2. This indicates that an average 
value of 75% binding was achieved.

3.4. Radiolabelled MFE-23 His

When the radiolabelled product was tested for 
% incorporation using TLC analysis the results 
demonstrated that 95-99% of the iodine-125 was 
bound to the antibody. Retention of antigen bind
ing was assessed after radiolabelling by measur
ing the binding to antigen. A sample of radiola
belled clinical MFE-23 His batch was applied to 
the CEA column. Of the total number of counts 
recovered (1710 cpm), 435 cpm (25%) washed 
through in the unbound fraction and 1275 cpm 
(75%) eluted in the bound fraction. The unbound 
fraction was subsequently reapplied to the col
umn and a further 58% of total counts loaded 
was recovered in the bound fraction. Samples of 
diluted radiolabelled MFE-23 myc and B1.8 were 
also applied to the CEA column. For MFE-23 
myc 56% (23023 cpm) of total counts recovered 
(40901 cpm) bound to the column and 17878 
cpm (43%) washed through in the unbound. For 
the non-specific control antibody B1.8 only 10% 
(1301 cpm) of the total recovered counts (12717 
cpm) bound to the column and 89% (11416 cpm) 
was contained in the unbound fraction. Figs. 6 
and 7 illustrate the stability of radiolabelled prod-
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Ma a D
Fig. 6. SDS PAGE gel (15%) analysis of (a) iodinated MFE-23 
His, autoradiograph; (b) unlabelled MFE-23 His, Im- 
munoblot. M = molecular weight markers (Bio-Rad).
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Fig. 7. S-100 gel filtration profile of radiolabelled MFE-23 
His. The smaller peak consists of free iodine and the larger 
peak of labelled product, c.p.m. = counts per minute of

uct by SDS PAGE and gel filtration, revealing 
that it was monomeric, intact and unaggregated.

5.5. In vivo studies

^^ Î-MFE-23 His localised in tumour selec
tively giving a therapeutic tumour to blood ratio 
of 22:1 (Fig. 8). MFE-23 myc produced similar 
results with a tumour to blood ratio of 9:1. The
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Fig. 8. Biodistribution of I-MFE-23 myc (black) and ‘" l-  
MFE-23 His (hatched) 24 h after injection, expressed as 
tissue: blood ratios.
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uptake of MFE-23 His in normal tissues was also 
comparable to the previously characterised MFE- 
23 myc, except for high levels in the kidney, 
which is the main clearance pathway of the anti
body.

4. Discussion

This paper describes in detail the procedure 
used to process and purify a phage derived scFv 
containing a 6 X His tail. This purification system 
eliminates the harsh conditions required to elute 
antibody from antigen affinity columns. IMAC’s 
mild elution conditions and ease of regeneration 
make this system an attractive alternative to stan
dard affinity chromatography methods and al
ready a large number of recombinant proteins 
have been purified using this method (Linder et 
al., 1992). The good yields achieved with MFE-23 
His purification eliminated the need to carry out 
periplasmic extraction. The latter is known to 
release proteolytic enzymes which makes the pu
rification and removal of contaminants more dif
ficult. The yields were also superior (10 mg/1) to 
those achieved when MFE-23 His was purified 
using a CEA antigen affinity column (2.2 mg/1). 
However, since only one column pass was per
formed through the CEA antigen column, the 
yield would be expected to be higher if the un
bound fraction was re-applied to the column. A 
larger antigen column would also produce higher 
yields.

The overall effectiveness of IMAC relies on: 
(1) the affinity of metal ions for the resin and (2) 
the ability to permit reversible interactions be
tween immobilised metal ions and protein. The 
relative metal ion capacity for the IDA resin 
follows the order Cu^"^> Ni^''"> Zn '̂*’ (Porath et 
al., 1975). Metals will coordinate 4-6 ligands. 
IDA has 3 chelating sites (QIA express, 1992), 
the His tagged protein binds to remaining coordi
nation sites unoccupied by the metal ions to form 
a complex between the chelate with its bound 
metal ion and the protein. The high stability of 
copper ions for the IDA matrix contributes to the 
strength of MFE-23 His retention. This is re
flected by the purity and high concentration of

imidazole required to elute the product, com
pared to Nî "  ̂ and Zn^^ primed columns.

Recent advances include the development of a 
new NTA adsorbent which has four chelating 
sites for Ni '̂*’ with greater stability and affinity 
(K^=  than IDA resins (Hochuli et al.,
1987). It has a particulary strong affinity for 
neighbouring histidine residues with minimal 
metal ion leaching. This new chelating ligand may 
produce even better yields of MFE-23 His.

An essential feature in the purification of anti
bodies to clinical grade, is the removal of pyro
genic contaminants (Begent et al., 1993; 
Hochstein, 1987). Endotoxin contamination is a 
recurrent problem in the preparation of thera
peutic agents for parenteral use in humans. Detoxi 
gel (polymyxin crosslinked to 6% agarose) proved 
to be successful in removing sufficient quantities 
of the lipopolysaccaride component of gram neg
ative bacterial cell walls (endotoxins) to within 
regulatory acceptable levels with no detrimental 
effects on the antibody. Another possible major 
contaminant is bacterial DNA. As there were no 
detectable levels in the final product there was no 
requirement for any additional purification. 
Takacs and Girard (1991) designed a dot blot 
analysis to quantitate E. coli protein levels by 
overlaying with an anti-E. coli antiserum obtained 
from immunising rabbits. This semi-quantitative 
technique would be a useful approach to measure 
effective removal of host proteins in clinical grade 
material at each chromatographic stage. It is also 
important to establish levels of affinity ligand 
leaching. The levels of Cu^^, < 2 nM per patient 
dose, were well below the recommended level 
given routinely in intraveneous nutrition (5-10 
jLt M/day). The histidine tail and the purification 
process did not appear to interfere with the avid
ity of the antibody.

The specific activity or % binding to antigen of 
IMAC and CEA antigen purified material were 
also asssessed in this study. Good retention of 
antigen binding on storage has been achieved. 
This assessment also revealed the efficiency of 
the column for antibody which has previously 
been purified using the same column. By re
applying a small aliquot of the CEA purified 
material to the column one would expect 100% to
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bind. However, only 89% binding was acheived, 
(overloading of the column was eliminated due to 
the small amount loaded and larger amounts of 
antibody have been purified on one column pass 
using the same column). If we now take into 
consideration the efficiency of the column, the % 
binding to antigen of MFE-23 His purified using 
IMAC increases from 75% to 84% X 100). 
CEA antigen binding of His and c-myc scFvs was 
also maintained after radiolabelling compared to 
the control scFv. CEA binding of antibody prepa
rations was found to be dependent on the total 
number of counts loaded. A larger dilution factor 
(lower number of counts) produced a relatively 
higher % of counts bound, approximately a 40 
fold higher level of the myc tagged antibody was 
applied to the column, of which 56% of the total 
recovered counts eluted in the bound fraction 
compared to 75% of recovered counts for the His 
tagged product. The CEA column (1 ml) contain
ing 1 mg of antigen was obviously saturated by 
the dilution factor of antibody used here. This 
was demonstrated by re-applying the unbound 
fraction of the MFE-23 His sample and measur
ing the % bound (refer to section 3.4). However, 
it was clearly shown in the results that the non 
specific antibody B1.8 did not bind to CEA and 
the clinical material maintained >75% binding 
to antigen after radiolabelling. The data descibed 
here demonstrates no adverse effects of IMAC 
purified MFE-23 His binding to antigen on stor
age and radiolabelling; therefore, no attempt was 
made to remove the Histidine tag after purifica
tion, although this is possible using enzymatic or 
chemical methods (Hochuli et al., 1988).

In vivo distribution data revealed on average 
slightly improved localisation in nude mice hu
man tumour xenografts of the His tagged prod
uct. Although it appears that there are higher 
levels of MFE-23 His in the tumour, the ratios 
depended on the average % injected dose per 
gram (%ID/g) measured. At this time point (24 h 
post injection), tumour levels were variable in 
each individual mouse: MFE-23 myc range 0.87- 
3.3%, n = 4, SD = 1.32 and for MFE-23 His range 
0.5-2.98%, « = 4, SD = 1.35. However, overall 
the tumour % ID/g ranges were comparable for 
both products. There were no adverse effects

which altered the biodistribution to normal tis
sues and therefore we can conclude that the 
histidine tail does not adversely affect the biodis
tribution in the nude mouse model.

The major drawback to the therapeutic use of 
scFvs is retention by the kidney (Huston et al., 
1993). This is partly due to dehalogenation of 
iodine from the antibody and also because of the 
small size (27 kDa) which is below the threshold 
of 50 kDa for renal clearance. This is also a 
common finding with most, if not all single-chain 
antibodies. However, biodistribution data shows 
only 0.7 %ID remains in the kidney 48 h post 
injection (data not shown) due to rapid clearance 
of the antibody. This rapid clearance makes 
MFE-23 His an attractive imaging agent.

Recent experiments have been performed us
ing scFv labelled with iodine-123 which has a half 
life of 12.3 h and is suitable as an imaging agent. 
Characterisation of ^^^I-MFE-23-His proved to be 
consistent in the data described here and a pa
tient imaging trial is now in progress.

In conclusion, we have developed a potentially 
universal method for purifying recombinant phage 
antibodies for therapeutic use which complies 
with the safety data legislation regarding antibody 
purity as required by the Cancer Reasearch Cam
paign Phase I Trials Committee.
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We present a system for cancer targeting based on single-chain Fv (scFv) antibodies 
selected from combinatorial libraries, produced in bacteria and purified by using an 
engineered tag. Combinatorial libraries of scFv gen es contain great diversity, and scFv 
antibodies with characteristics optim ized for a particular task can be selected from them  
using filamentous bacteriophage. We illustrate the benefits of this system by imaging 
patients with carcinoembryonic antigen (CEA)-producing cancers using an iodine-123  
labeled scFv anti-CEA selected for high affinity. All known tumor deposits w ere located, 
and advantages over current imaging technology are illustrated. ScFvs are produced in a 
cloned form and can be readily engineered to have localizing and therapeutic functions 
that will be applicable in cancer and other diseases.

Antitumor antibodies can target cancer cells selectively and can 
be used to deliver therapeutic or imaging agents to the tumor. 
However, they have limited tumor penetration because of their 
high molecular weight’  ̂This limitation reduces their therapeu
tic efficacy and results from the presence of effector or linking 
regions that are not required for antigen recognition. Single
chain Fv (scFv) antibodies may penetrate better into tumors 
because they are less than one-fifth of the molecular weight of 
an IgG antibody and yet retain full specificity for antigen. ScFvs 
consist of the antibody variable heavy (Vh) and light (Vl) regions 
linked with a short synthetic peptide to form a single molecule 
of 27 kDa (ref. 3). Studies in animal tumor models support the 
view that the smaller molecular size of scFvs optimizes tumor 
penetration^ and scFvs have the further advantage that im- 
munogenicity may be reduced, because protein that is not 
required for antigen binding is not included. Although high 
tumor-to-normal tissue ratios are reported with scFvs in animal 
models, this is at the expense of the total amount of antibody in 
tumor^. Higher antibody concentrations are needed in the 
tumor for effective targeting, and these are expected to depend 
particularly on affinity, because scFvs are monovalent for anti
gen (IgG is bivalent) and because they clear rapidly, leaving a 
limited time for accumulation in tumor. The potential to gener
ate high-affinity scFvs from conventional monoclonal 
antibodies is limited by the small proportion (<0.1 %) of an anti
body repertoire that can be examined by screening.

In combinatorial antibody libraries' expressed in filamentous 
bacteriophage”, cloned scFvs are generated directly from B cells. 
Vh and Vl gene sequences are amplified by the polymerase chain 
reaction and then randomly recombined with a flexible linker. 
The expressed protein, consisting of Vh tethered to Vi, is the

scFv. This generates great diversity by creating Vh and Vi pair
ings, which do not occur naturally in B cells. When V genes from 
an immunized animal are used, original high-affinity pairings 
may be lost, but the creation of novel pairings has the potential 
to outweigh this, especially if many of the original clones react 
with a limited number of immunodominant epitopes.

The surface of each bacteriophage displays the antibody en
coded by the gene construct that it contains”, so bacteriophage 
with desired antigen reactivity are readily selected from the li
brary by repeated rounds of binding of their antibody to 
immobilized antigen’. For example, scFvs with high affinity may 
be selected by undertaking the selection in decreasing concentra
tions of antigen, as has been illustrated by the use of libraries of 
antibodies directed against hen egg lysozyme'® or carcinoembry
onic antigen (CEA)".

One advantage of phage display over hybridoma technology is 
that it is possible to access all the antibody specificities in a 
phage library. To date, libraries of more than 10'® specificities 
have been constructed from which it is possible to select anti
bodies of high affinity for the relevant antigen". In contrast it 
has not been possible to examine more than lO'-lO  ̂clones using 
hybridoma technology. Another advantage of the phage system 
is that scFvs selected from phage libraries appear to express well 
in E sch erich ia  coli. For example, we have shown that a phage- 
derived scFv has distinct advantages over one directed against 
the same antigen but engineered from a hybridoma’L

We have selected MFE-23, a high-affinity scFv directed against 
the tumor antigen CEA, from a library of 10' clones made from 
spleen cells of a mouse immunized with CEA (ref. 11). The scFv 
was expressed in bacteria to produce 25 mg of stable scFv per liter 
of bacterial supernatant. It was purified by immobilized metal
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Fig. 1 Fractional blood clearance of '^^l-labeled MFE-23. Individual 
plasma values from ten  patients are shown. The line shows a biexpo- 
nential function fitted to  these values. The a  and P half-lives of 0.42 
and 5.3 h are derived from this line.

affinity chromatography (IMAC) using a synthetic hexahistidine 
tag engineered onto the carboxy terminus of the scFv (ref. 14). 
MFE-23 was designed to solve clinical problems in cancer target
ing, and a clinical experiment is required to determine the 
potential of this technology. We report a clinical trial of cancer 
targeting with MFE-23.

Production and distribution of MFE-23
MFE-23 was purified from bacterial supernatant by IMAC, radio- 
labeled with iodine-123 and given intravenously to nine patients 
with colorectal carcinoma and one with breast carcinoma. There 
was evidence of tumor localization within 1 hour and of rapid 
fractional clearance from the blood.

Fractional blood clearance
The biexponential clearance of '"’l-labeled MFE-23 from blood is 
shown in Fig. 1. The median half-lives of the a and P phases were 
0.42 and 5.32 hours, respectively. Stability of scFv in plasma was

Fig. 2 Distribution of MFE-23 in a patient w ithout tum or. Serum CEA 
levels becam e elevated after resection of a colon carcinoma and im ag
ing was done a t this tim e. Serum CEA returned to  norm al sp o n ta 
neously, and no evidence of tum or recurrence was found on 
investigation or during follow-up over the  next year. The planar 
whole-body gam m a cam era im ages (a) show ’̂ N-labeled MFE-23 in 
norm al tissues from left to  right 1, 4 and 22 hours after injection. 
Most of the  radioactivity has cleared from the  circulation as seen in 
the  heart (H) after 1 h. Radioactivity is also seen in the  liver (L) and 
kidneys (K). Excretion is via the urine as shown by activity in the uri
nary bladder (B). Activity is also seen at the intravenous injection site 
(I), b, Similarly tim ed axial SPECT images through the liver at the level 
of the upper pole of the  left kidney show the rapid disappearance of 
activity from normal liver and retention of antibody in the kidney, c, 
SPECT images a t a lower level through both kidneys show the uptake 
in these organs together with activity in front of the left kidney, prob
ably iodine-123 secreted into the lumen of the stom ach. The com pos
ite of this activity and th a t in the  underlying kidney account for the 
left abdom inal activity seen in the  4-h planar im age. Q uantitative 
comparisons of data for individual organs are given in Fig. 5.

tested on samples taken 20 minutes and 2 hours after administra
tion. These showed a single peak of radioactivity on gel filtration 
and a single band on autoradiography of SDS-PAGE gels, both 
with an apparent molecular mass of 27 kDa, indicating that the ra
dioactive material detected was intact MFE-23. Gamma camera 
images of the thorax and abdomen showed that most of this radio- 
labeled scFv had cleared from the circulation after 1 hour (Fig. 2).

Tumor uptake
'^T-labeled MFE-23 imaging located all tumor deposits demon
strated on X-ray computerized tomography (CT), CT portography, 
biopsy or clinical examination. Eigure 3 a , b , d  and e shows how sin
gle-photon emission computerized tomography (SPECT) gamma 
camera imaging of '^1-labeled MFE-23 distribution corresponded 
with CT in two representative patients with liver métastasés. For 
comparison, Fig. 3, c and f  shows the uniform distribution of radio
activity in normal liver after 4 hours in the patient with no tumor. 
The capability of ’̂ 1̂-labeled MFE-23 imaging, which is more sensi
tive than current technology of similar invasiveness, is illustrated 
in Fig. 3, b  and e. Conventional CT could not show the liver métas
tasés located by ‘“1-labeled MFE-23, but the lesion was confirmed 
by the more invasive technique of CT portography in which con
trast dye is injected into the superior mesenteric artery. In an 
additional patient referred because of rising serum CEA levels, liver 
métastasés were located with '̂ 1̂-labeled MFE-23 and subsequently 
resected. The patient remains tumor-free with a normal serum CEA 
11 months later. Table 1 summarizes the correlations between vari
ous methods of tumor imaging.

Quantitative assessment of tumor uptake by SPECT showed a

1 hour 4 hours 22 hours
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Fig. 3 Tumor localization of MFE-23. a and b, Single-photon 
emission computerized tomography (SPECT) gamma camera images 
show localization of ’^^l-labeled MFE-23 to liver métastasés in two 
patients with colon carcinoma 1 and 4 h after injection respectively. 
d and e, Corresponding X-ray CT illustrating anatomy at the same 
level and confirming the presence of tumor. In e the metastasis was 
only visible after intra-arterial injection of contrast material directed to 
reach the hepatic portal vein (CT portography). Tumor deposits are 
indicated with arrows, c, For comparison, SPECT images taken 4 h 
after injection are shown in a patient with no tumor. The uniform 
distribution of antibody in normal tissues is demonstrated, f, The 
corresponding CT image confirms the absence of tumor.

median peak of 2.4% of ttie injected radioactivity per kilogram 
occurring 1 hour after injection (Fig. 4). This value was unexpect
edly high in view of the rapid fractional blood clearance of 
MFE-23, but is consistent with good tumor penetration and effi
cient antigen binding of the scFv. High median tumor-to-blood 
ratios resulted, reaching 1.54 by 4 hours and rising to 5.6 after 22 
hours (Fig. 4).

Renal excretion
Fifteen to 41 percent (mean 30%) of the administered radioactiv
ity was excreted in the urine in the first 24 hours. Thin-layer 
chromatography of undiluted urine taken 2 hours after adminis
tration showed 0 to 48.6% (mean 24%) of iodine-123 to be 
incorporated into protein, which was shown, as in plasma, to be 
a single band at 27 kDa. Planar gamma camera imaging showed 
activity in the kidneys and urinary bladder after 1 hour, consis
tent with renal excretion of '^1-labeled MFE-23 (Fig. 2). 
Quantitative analysis of SPECT images showed that renal activity 
declined rapidly with time (Fig. 5).

Other normal tissues
Planar and SPECT gamma camera images showed activity in nor
mal liver after 1 hour; this decreased rapidly over
the following 21 hours (Fig. 2 and 5). Activity was ----------------
seen in the gall bladder, consistent with biliary 
excretion of radionuclide after liver catabolism of 
antibody. Activity was also seen in sites where 
free iodine is commonly taken up or secreted in
cluding the thyroid gland, gastric lumen and 
nasal mucosa.

• f i
t

Discussion
The combinatorial approach to drug design is applicable to a 
wide range of complex molecules such as scFvs, peptides’̂  nu
cleotides'^ and benzodiazepines'". We used this approach to 
generate a tumor-binding scFv with characteristics hypotheti
cally ideal for tumor targeting but requiring a clinical trial to 
determine its relevance. The ability to make accurate quantita
tive measurements of antibody distribution*’ was necessary for 
this. Our results show the efficiency of this scFv in locating

Table 1 Correlation of '^'l-labeled MFE-23 imaging 
(MFE) with X-ray computerized tomography (CT) and 

other methods of confirmation of tumor (Other)

Toxicity
All patients tolerated the scFv injection well; no 
serious side effects were seen. One patient had 
grade 1 hot flushes starting 6 hours after the in
jection and lasting for 1 hour. No other adverse 
effects were seen by Common Toxicity 
Criteria'’. In particular there was no evidence of 
toxicity to the kidneys, liver or bone marrow, 
which were the tissues exposed to the highest 
amounts of activity.

Immunogenicity
There was no evidence of antibody to MFE-23 in 
normal serum or in serum taken from patients 14 
days or more after injection of '^T-labeled MFE-23 
as demonstrated by failure of the sera to form im
mune complexes with '“1-labeled MFE-23.

Liver Lung Effusion 
or ascites

Lymph
node

Abdomen Breast Stoma

MFE positive 8 1 2 1 5 1 1
CT positive 5 1 1 1 1 0 1
Other positive 
MFE negative.

1 0 0 0 0 1 1

other positive 0 0 0 0 0 0 0

The other methods of confirmation of tumor included biopsy of a breast mass and a 
metastasis at a stoma site. In another patient CT portogram showed a liver 
metastasis, whereas conventional CT was negative. There were two cases in which 
there were focal areas of scFv uptake in the liver but CT of the organ was normal; 
one had progressively rising serum CEA after resection of a primary colon carcinoma 
and is highly likely to have recurrent tumor. Conventional imaging has not yet 
located a site. The other patient had a primary breast carcinoma, but CT showed no 
evidence of liver métastasés. Four patients had areas of patchy uptake within the 
abdomen. These patches were considered to be radiolabel that had been excreted 
nonspecifically into the intestine via the bile. The short half-life of iodine-123 made it 
impossible to follow this over a period of days to determine whether this activity 
showed the typical behavior of movement through the bowel with time.
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5  4

Median hours after '“ 1-labeled MFE-23 injection

Fig. 4 Tumor-to-blood ratios for '^’l-labeled MFE-23 increase with 
time. The median percentage injected radioactivity per kilogram for 
tumor (with ranges containing 70% of the data) were as follows: at 
1 h, 2.4% (2.1 -3.1 %); at 4 h J  .8% (1.0-1.9%); and at 22 h, 0.78% 
(0.55-0.93% ). Data are derived from SPECT gamma camera images 
of seven patients with confirmed tumors.

tumor deposits and illustrate its potential for targeted cancer 
therapy.

Rapid fractional clearance of scFv from the blood was a de
sign feature of MFE-23 with the goal of improving contrast 
between tumor and normal tissues. The median 3 half-life of 
clearance of 5.3 hours compares with 28.6 hours for A5B7, an 
intact murine IgG antibody to CEA (ref. 20). Generally, such 
rapid fractional blood clearance of scFvs results in a low anti
body concentration in tumor in animal models'*"*. The limited 
time available to bind tumor antigen and the single antigen 
binding site of scFvs probably contribute to this. By contrast, 
MFE-23 localizes well in animal models", and one explanation 
for this is that the rapid fractional blood clearance is offset by 
the relatively rapid binding and slow dissociation of a high- 
affinity scFv. MFE-23 has an affinity for CEA that is ten times 
the affinity A5B7 has for CEA, and we have previously shown 
that MFE-23 localizes better than an A5B7-derived scFv in 
colon carcinoma xenografts in nude mice'l As is seen in ani
mal models, relatively high levels of binding of MFE-23 were 
seen in patients; the median peak tumor level of scFv in pa
tients was 2.4% of injected activity per kilogram compared 
with 4.4% for A5B7 (ref. 20). This relatively small reduction in 
tumor uptake, combined with the fractional clearance of MFE- 
23 that was five times as rapid as for IgG, resulted in higher 
median tumor-to-blood ratio after 24 hours, namely, 5.6:1, 
which compares with ratios typically between 1 and 1.5:1 for 
whole IgG anti-CEA antibod/"^'.

The distribution and fractional clearance of MFE-23 in normal 
tissues follows patterns expected from animal models'^ The kid
ney appears to be the principle organ of excretion, and the 
kidney retention is consistent with glomerular filtration and re
absorption of scFv in the renal tubules, which is a common 
problem with proteins of similar molecular size“. The presence 
of apparently intact scFv in the urine indicated that the mole
cule was not subject to proteolytic digestion. Renal uptake did 
not appear to interfere with tumor imaging in this small study, 
but would limit the capability of detecting small tumors near the 
kidney.

Therapeutic molecules are expected to be too large to be fil
tered by the kidney, because of addition of the therapeutic 
moiety as in the example of a fusion protein of MFE-23 with an 
enzyme [carboxypeptidase G2 (CPG2)]“ for use in antibody- 
directed enzyme prodrug therapy (ADEPT)̂ '*. Creation of such a 
fusion protein gives a molecule of 134 kDa, which is the mini
mum molecular size for a construct of dimeric CPG2 with two 
antibody binding sites (two scFvs). The previously used chemical 
conjugate of CPG2 with Ffab'); antibody had a molecular mass of 
180 kDa. The smaller size of the fusion protein would be ex
pected to result in increased tumor penetration as we have 
shown that a similar incremental reduction in size from 150 kDa 
to 100 kDa significantly improved tumor uptake of radiolabeled 
antibody in humanŝ ".

We exploited the affinity maturation, which in vivo occurs in 
response to repeated immunizations, to generate an scFv library, 
but naive or synthetic human antibody libraries can also be used. 
High affinities have been reported when phage display was used 
to select scFv from large synthetic or naive human antibody 
libraries*̂  and, if required, affinity maturation can be performed 
in  v itro  using the phage system to select for high-affinity vari
ants'”'̂ *. Human or immunized mouse libraries can be used to 
develop agents of the type investigated here, but it has been ar
gued that scFvs of human origin will be advantageous in that 
they are less likely to induce an immune response. Our trial 
showed no evidence of human antibodies to MFE-23, which in
dicates that the variable regions of MFE-23, the synthetic linker 
composed of units of four glycines and one serine* and the hexa
histidine tag are not strongly immunogenic and are well 
tolerated for imaging purposes. It also indicates that bacterial 
production of scFvs does not lead to immunogenicity p erse . It re
mains to be seen whether repeated doses and larger amounts of 
protein will induce an immune response. It was not known pre
viously whether the hexahistidine tag would produce an adverse 
distribution or toxicity when given to humans. The lack of evi
dence for these side effects is encouraging and suggests that 
many clinically useful recombinant proteins could be purified by 
IMAC.

Bacterial production of clinical products is rapid and largely 
avoids the potential for contamination with pathogenic viruses

□  Kidney

Median hours after ’“ l-labeled MFE-23 injection

Fig. 5 Distribution of radioactivity derived from SPECT gamma cam
era images (solid tissues) and gamma counting (blood) from ten pa
tients. The am ounts of activity in normal tissues are shown after 
injection of '**l-labeled MFE-23 with error bars representing two- 
thirds of the range of values.
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or their DNA, which are inherent to mammalian cells. These ad
vantages will only be exploited in practice if it is possible to 
obtain high production yields. However, scFvs are usually ex
pressed at concentrations of 0.01-1 mg/1 in E. coli supernatant^^ 
which is too low for general use; by comparison MFE-23 gave 
25 mg/1. This makes it economical to produce material for clini
cal use and may be because scFvs whose DNA sequences are 
favorable for bacterial expression are preferred by the phage se
lection process.

Clinical implications. The greatest potential for use of scFvs is 
in delivery of antibody-targeted therapy. Because they are 
cloned, they are readily incorporated into fusion proteins with 
therapeutic as well as tumor localizing functions. Some of the 
benefits are illustrated by the fusion protein of MFE-23 with 
CPG2, which we have produced in bacteria^l It has a high yield 
in production and shows favorable tumor localization without 
concentrating enzyme in normal tissues. The application to 
ADEPT (ref. 24) overcomes the complexity, expense and diffi
culty of obtaining a reproducible product with chemical 
conjugation of the components'^

The high tumor-to-blood ratios achieved in the clinical studies 
shown here explain why imaging with MFE-23 can be more sen
sitive than CT. Antibody imaging has the potential to exceed the 
performance of CT or magnetic resonance imaging (MRl), be
cause it depends on contrast between tumor and normal tissue 
and on the amount of localized radionuclide but is less limited 
by the resolution of the gamma camera. By contrast CT and MRI 
depend on the resolution of the imaging device. The successful 
imaging of all known tumor deposits is consistent with the high 
tumor-to-blood ratios of '“1-labeled MFE-23, which gives better 
contrast than previous antibody-imaging agents. Increased sensi
tivity in imaging is important when selecting patients for 
appropriate treatment, because chemotherapy appears to give a 
survival benefit if it is administered when tumor deposits are 
small''''.

Iodine-123 was chosen as the radionuclide for this investiga
tion because of the favorable energy of its gamma emission for 
imaging and the match between its half-life (12.3 hours) and the 
expected fractional blood clearance of scFvs. However, labeling 
with ""’technetium (""Tc) may be advantageous for routine use 
with scFvs, because the radionuclide is suitable for gamma cam
era imaging, readily available and can be linked to a cysteine 
engineered at the carboxy terminus of an scFv, away from the 
antigen binding site. By contrast iodine-123 was linked to tyro
sine residues, some of which are found in the 
complementarity-determining regions of MFE-23 and which 
may be damaged by radiolabeling. "“Tc-labeled MFE-23 localizes 
successfully to human colorectal xenografts in nude mice'". Such 
a reagent is likely to have wide application in the staging of 
cancer.

The design features required for an optimal targeting agent 
were defined before starting this investigation. The diversity of a 
combinatorial library, the power of filamentous phage-based se
lection, the production in bacteria and the purification of scFv 
using an engineered tag have been combined to provide an anti
body meeting all the design criteria and giving the predicted 
advantages over conventional reagents in clinical performance. 
This represents a system for making antibody-based pharmaceu
ticals that has wide application. Our data support the view that 
clinical applicability will be found for other scFvs and pharma
ceuticals derived from combinatorial libraries.

Methods
MFE-23. The scFv was selected from a phage library". Clinical grade 

material was purified as described previously'"' using IMAC with im
mobilized copper ions, size-exclusion chromatography, and 

Detoxi-gel (Pierce-Warriner, Chester, UK) to remove bacterial endo
toxins. Quality and safety of the product were determined using 

Cancer Research Campaign Operation Manuals"".

Analysis of ''l-labeled MFE-23. MFE-23 (0.5 mg) was labeled with 

74-222 MBq of iodine-123 by the chloramine-T method". Free and 

scFv-bound iodine-123 were separated (PD 10 column; Pharmacia). 
Iodine-123 incorporation into material to be administered was 

shown to be >80%  by thin-layer chromatography. When labeled 

protein was applied to a 1-ml CEA/Sepharose column containing 

1 mg CEA, 43%  of the radioactivity was bound. Bound MFE-23 was 

eluted from the column with 3 M ammonium thiocyanate. A single 

product of 27 kDa was shown by Sephacryl S-100 chromatography 

(Pharmacia). This was confirmed by SDS-PAGE (15%  nonreducing 

gel) followed by transfer onto Immobilon P (Millipore) and visualiza
tion by autoradiography (X-Omatic screen; Kodak, Hyperfilm MP; 
Amersham) or phosphor imaging (Molecular Dynamics). Stability in 
vivo was tested by showing the integrity of "l-labeled MFE-23 in 

plasma (diluted 1:5 in PBS) and urine samples using the same 

methods.

Patients. Ages of the 10 patients ranged from 30 to 70 years (me
dian 48 years); World Health Organization performance status" was 

0 in nine patients and 1 in the tenth. Immunohistochemistry or 
raised serum CEA concentration was used to confirm tumor CEA 

production. X-ray computerized tomography (CT) within 2 weeks of 
"'l-labeled MFE-23 administration showed metastatic carcinoma in 

seven of the patients with colorectal carcinoma. The other two had 

normal CT but progressively rising serum CEA levels after apparently 

complete resection of primary carcinoma of the colon. The remain
ing patient had biopsy-confirmed breast carcinoma >5 cm in its 

greatest dimension with peau d'orange, zero nodes and zero métas
tasés (T4bN0M0), as well as negative CT and bone scan. Serum CEA 

was between 8 and 1482 pg/l (median 53 pg/l). Exclusion criteria 

were as follows: evidence of immediate-type hypersensitivity by ap
pearance of a wheal >5 mm diameter after intradermal injection of 
10 ^g (0.1 ml) MFE-23 (a negative control of 0.9% sodium chloride 

was also given), history of allergy to iodine, mouse protein or other 
drugs used in the investigation, history of allergy to ampicillin or 
polymyxin used in preparation of MFE-23, history of atopic asthma 

or eczema and failure to exclude pregnancy. The trial was performed 

with the approval of our ethical committee and Department of 
Health, UK, Administration of Radioactive Substances Committee 

and according to good clinical practice (GCP) under the auspices of 
the Cancer Research Campaign (CRC) Phase I/ll Committee's 

Targeting Trials Group by whose trials office the clinical data were 

monitored.

Adm inistration of MFE-23. The thyroid was blocked with potas
sium iodide (50 mg every 8 h from day -1 to day -h9) and potassium 

perchlorate 200 mg (every 6 h on day 0 only), '"l-labeled MFE-23 

(0.5 mg) was injected intravenously over 2 min, after which the line 

was flushed with 0.9% sodium chloride.

Gamma camera imaging. Gamma camera images were taken 1, 4 

and 22 h after '"l-labeled MFE-23 administration. Planar and SPECT 

images of the thorax and abdomen were collected and reported in
dependently by two physicians who used consensus reporting in the
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event of a discrepancy. Tissue activity, expressed as the percentage 
of injected activity per kilogram was estimated for tumor, liver, lung 
and kidney from the SPECT images after correction for Com pton 
scatter and attenuation as described previously'^ This m ethod gives 
a correlation coefficient of 0.96 betw een gam m a camera-derived 
data and activity in tissue counted externally in a gamma counter” .

Human immune response. MFE-23 (0.7 mg) was labeled with 
259 kBq of iodine-125, incubated with 0.25 ml of patient's serum 
for 1 h at 37 °C and applied to Sephacryl S-100. Radioactivity was 
measured in eluted fractions. Displacement of '“ l-labeled MFE-23 to 
higher molecular weight fractions was evidence of the presence of 
anti-MFE-23 antibody^'. Ability of the technique to detect anti-MFE- 
23 was established using polyclonal rabbit anti-MFE-23, which 
produced a shift by 10 fractions when reacted with ”^l-labeled MFE- 
23 under the conditions described for patients' sera.
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