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ABSTRACT

The incidence of Malignant Melanoma continues to rise. Melanoma is potentially curable 

by surgery if caught early. However once the disease has spread the response to adjuvant 

therapy is poor. The combination of high prevalence and therapeutic resistance has led to 

an interest in other methods for detecting melanoma at earlier time points, when treatments 

may affect patient outcome and survival.

Immunoscintigraphy is the use of radiolabelled tumour-specific antibodies to detect 

disease. Previous work has centred on the use of the whole monoclonal antibody LHM2, 

against the high molecular weight melanoma-associated antigen (HMW-MAA). Single 

chain Fv fragments (scFv) have been developed from this molecule. In this thesis optimal 

conditions for storage and stability of the scFvs were explored. Some of the scFvs were 

selected by rounds of phage display. The clones seemed to have better properties with each 

round of selection on phage, and the role of Darwinian “selection of the fittest” was 

explored. Some scFvs were genetically modified by the addition of cysteine residues to 

form multimeric constructs for improved tumour targeting. We were unable to show 

improved tumour targeting in vivo when the multimers were compared to their monomeric 

equivalents, and possible reasons for this are discussed.

One of the antibody fragments RAFTS was modified for therapy by conjugation with 

Staphyllococcal protein A. This clone was shown to retarget IgG and complement to 

melanoma in vitro. In vivo the construct behaved more like the larger LHM2 antibody than 

the parent (RAFTS scFv), consistent with IgG recruitment in the murine model.

Finally the expression of HMW-MAA was studied in a number of melanocytic lesions on 

paraffin-embedded slides, to determine the role of this antigen for routine 

immunohistochemical studies. The antibody LHM2 was able to stain all melanomas as 

reliably as SI00 protein (the standard marker highly expressed in melanomas). It was able 

to detect desmoplastic melanoma in three specimens. HMW-MAA expression in primary 

and metastatic melanomas was also explored, and did not appear to be a prognostic marker 

for cutaneous melanoma.



To Emeka 

for his love, patience, and understanding

to Michael

and

to my parents 

for investing in my future



ACKNOWLEDGMENTS

Many colleagues and co-workers have contributed to this thesis:

I would like to thank Professor Sanders for entrusting me with this exciting project, Jorg 

Kupsch for his endless vision and tireless supervision, and George Wilson for his guidance 

at the Gray Laboratory. I would also like to thank Stephen Hamilton and Norbert Kang my 

predecessors. I thank Elizabeth Clayton for persevering and successfully staining my 

paraffin sections, and Paul Richmond for reviewing my difficult histopathological slides. I 

humbly thank, my fellow surgical research fellows for their support, advice, jokes, and 

good spirit, all the scientists and sandwich students, Clare Linge, and the administrative 

staff in RAFT for supporting me and keeping me stimulated for two years. I wish to thank 

all the staff at the Animal House for their excellent animal husbandry. Finally, I wish to 

thank Mr Grobbelaar for being my mentor, and Mr Grover for creating mighty footsteps in 

which I have tried to follow.

The research and data management represented in this thesis would not have been possible 

without the financial support and generous assistance of The RAFT Institute of Plastic 

Surgery, a fellowship from the Royal College of Surgeons, and grants from the BUPA 

foundation and the Smith’s Charity.

I would like to thank Dr Judy Evans for believing in me and convincing me that there was 

more to melanoma than “mole-picking”.

My family provided vital and considerable emotional support, as only they know. For this 

reason, this thesis is dedicated to them.



TABLE OF CONTENTS

ABSTRACT 2

ACKNOWLEDGEMENTS 4

TABLE OF CONTENTS 5

LIST OF CHAPTERS 6

LIST OF FIGURES 12

LIST OF TABLES 14

1. INTRODUCTION 17

2. MATERIALS AND METHODS 54

3. ANTIBODY PREPARATION 85

4. FORMATION OF MULTIMERS 117

5. THERAPEUTIC CONSTRUCTS 159

6. IMMUNOHISTOCHEMISTRY USING LHM2 Mab 188

7. SUMMARY & FUTURE DIRECTIONS 224

8. REFERENCES 237

ABBREVIATIONS 284



LIST OF CHAPTERS

1. INTRODUCTION...........................................................................................................17
1.1 THE CLINICAL PROBLEM.....................................................................................................18

1.1.1 H istory .................................................................................................................................................................................................................................18

1.1.2 Epidemiology o f  M elanoma .....................................................................................................................................................................................19

1.1.3 Aetiology o f  M elanoma ..............................................................................................................................................................................................21

1.1.4 Metastatic D isease ....................................................................................................................................................................................................... 22

1.1.5 Staging Patients and Predicting Survival.........................................................................................................................................................22

1.1.6 The Effects o f  Detection and Treatment on Survival.................................................................................................................................. 25

1.2 DIAGNOSING METASTATIC DISEASE................................................................................... 26
1.2.1 Physical Examination .................................................................................................................................................................................................26

1.2.2 Laboratory Tests............................................................................................................................................................................................................27

1.2.3 Radiological Tests.........................................................................................................................................................................................................27

1.2.4 Preoperative Lymphoscintigraphy...................................................................................................................................................................... 29

1.2.5 Sentinel Lymph Node Biopsy (SLNB)................................................................................................................................................................. 30

1.3 HISTOPATHOLOGY AND PROGNOSIS................................................................................... 30
1.3.1 Histopathology o f  Melanoma..................................................................................................................................................................................30

1.3.2 Immunohistochemistry............................................................................................................................................................................................... 32

1.3.3 HMW-MAA .......................................................................................................................................................................................................................32

1.3.4 HMW-MAA Expression in Normal Tissues.....................................................................................................................................................33

1.3.5 HMW-MAA Expression on Melanoma Cells .................................................................................................................................................. 33

1.4 RADIO-IMMUNOSCINTIGRAPHY............................................................................................35
1.4.1 Introduction ..................................................................................................................................................................................................................... 35

1.4.2 Melanoma as a Target fo r  RIS ...............................................................................................................................................................................35

1.4.3 Comparison to Other Imaging M odalities ...................................................................................................................................................... 36

1.4.4 Clinical Experience...................................................................................................................................................................................................... 37

1.4.5 Size Modification to Improve Tumour Targeting .........................................................................................................................................38

1.4.6 A ntibody Fragments in Immunoscintigraphy.................................................................................................................................................41

1.4.7 Improving ScFv Solubility and Stability ............................................................................................................................................................42

1.4.8 Tackling Renal Accumulation .................................................................................................................................................................................43

1.4.9 Improving Tumour Localisation ...........................................................................................................................................................................45

1.4.10 Phage Display and the Darwininan Selection o f  "Happy " Clones ..................................................................................................... 46

1.5 MELANOMA THERAPY............................................................................................................... 47
1.5.1 Surgery ...............................................................................................................................................................................................................................47

1.5.2 Chemotherapy and Imunotherapy........................................................................................................................................................................ 48

1.5.3 Radiotherapy .................................................................................................................................................................................................................. 49

1.5.4 Vaccines.............................................................................................................................................................................................................................. 50

1.5.5 Monoclonal Antibodies and Antibody Fragments in Melanoma Therapy......................................................................................51

1.6 CONCLUSIONS............................................................................................................................... 52

1.7 AIM S..................................................................................................................................................52
1.7.1 Clinical A im s ...................................................................................................................................................................................................................53

1.7.2 H ypothesis ........................................................................................................................................................................................................................53

1.7.3 Experimental P lan ........................................................................................................................................................................................................53



2. MATERIALS AND METHODS..................................................................................54
2.1 BACKGROUND..............................................................................................................................55

2.2 MOLECULAR BIOLOGY TECHNIQUES..................................................................................56
2.2.1 Plasm id Preparation ...................................................................................................................................................................................................56

2.2.2 Purification o f  Plasmids and DNA Fragments............................................................................................................................................. 57

2.2.3 Polymerase Chain Reaction (PGR).................................................................................................................................................................... 58

2.2.4 Restriction D igests .......................................................................................................................................................................................................59

2.2.5 Ligation o f  DNA Fragments................................................................................................................................................................................... 59

2.2.6 Bacterial Culture Media and Agar P lates.......................................................................................................................................................59

2.2.7 Bacterial Transformation.........................................................................................................................................................................................60

2.2.8 Electrophoresis Buffers and Agarose Gels......................................................................................................................................................60

2.2.9 Colony Lift........................................................................................................................................................................................................................60

2.2.10 Technique o f  Bacterial Culture ............................................................................................................................................................................. 62

2.3 PROTEIN PURIFICATION TECHNIQUES................................................................................63
2.3.1 Storage o f  Bacterial C lones ....................................................................................................................................................................................63

2.3.2 Preparation o f  Bacterial Supernatants............................................................................................................................................................ 64

2.3.3 Protein Concentration ...............................................................................................................................................................................................64

2.3.4 Biologic LP Platform fo r  Column Chromatography................................................................................................................................. 64

2.3.5 Purification o f  a ll scFvs (except R3ZZ) by Immobilised Metal-ion Affinity Chromatography (IMAC)......................... 65

2.3.6 Purification o f  R3ZZ scFv by IgG sepharose column................................................................................................................................66

2.3.7 Analysis o f  scFvs by G el Filtration ...................................................................................................................................................................66

2.4 SDS-PAGE AND WESTERN BLOT ANALYSIS....................................................................... 67
2.4.1 Gels ...................................................................................................................................................................................................................................... 67

2.4.2 Buffers............................................................................................................................................................................................................................... 67

2.4.3 SDS-PA GE A n alysis ...................................................................................................................................................................................................68

2.4.4 Westem-blot A nalysis .................................................................................................................................................................................................69

2.5 TISSUE CULTURE..........................................................................................................................70
2.5.1 Maintenance o f  A 375M C ell L ine ........................................................................................................................................................................71

2.5.2 Preparation o f  Cell ELISA (Enzyme Linked Immunosorbent Assay) P lates ..................................................................................71

2.5.3 Technique o f  Cell ELISA...........................................................................................................................................................................................72

2.5.4 Maintenance o f  9E10 Hybridoma Cell Line...................................................................................................................................................72

2.6 RADIOLABELLING TECHNIQUES........................................................................................... 74
2.6.1 Buffers................................................................................................................................................................................................................................74

2.6.2 lodination o f  Antibodies............................................................................................................................................................................................75

2.6.3 Separation o f  Unincorporated Iodine-125 ......................................................................................................................................................75

2.6.4 Estimation o f  Incorporation o f  Iodine-125.................................................................................................................................................... 76

2.7 DETERMINATION OF ANTIBODY AFFINITY....................................................................... 76
2. 7.1 Preparation o f  Antibody and Human Melanoma C ells ............................................................................................................................76

2.7.2 Experimental Technique.......................................................................................................................................................................................... 76

2.7.3 Affinity D eterm ination .............................................................................................................................................................................................. 77

2.8 ANIMAL MODEL............................................................................................................................77
2.8.1 Preparation o f  Tumour C ells .................................................................................................................................................................................78

2.8.2 Tumour Production in the M ice ............................................................................................................................................................................78

2.9 ANTIBODY BIODISTRIBUTION AND PHARMACOKINETICS.........................................79
2.9.1 Design o f  Experiments...............................................................................................................................................................................................79

2.9.2 Injection o f  Radio-labelled A ntibody ................................................................................................................................................................80

2.9.3 Sample Collection ........................................................................................................................................................................................................81



2.9.4 Sample Analysis...........................................................................................................................81

2.10 HISTOLOGY TECHNIQUES.................................................................................................. 82
2.10.1 Preparation o f Tissue Sections.........................................................................................................82

2.10.2 LHM2 Staining o f Paraffin Sections................................................................................................. 82

2.10.3 SlOO Staining o f Paraffin Sections....................................................................................................84

3. ANTIBODY PREPARATION.....................................................................................85

3.1 INTRODUCTION.....................................................................................................................86
3.1.1 Rationale....................................................................................................................................86

3.1.2 Design o f scFvs........................................................................................................................... 88

3.1.3 Solubility Studies.........................................................................................................................93

3.2 METHODS................................................................................................................................95
3.2.1 Design and Choice o f scFvs............................................................................................................ 95

3.2.2 Production and Purification o f scFvs................................................................................................95

3.2.3 Effect o f Storage Temperature.........................................................................................................96

3.2.4 Effect of IMA C Elution Buffer on Stability..........................................................................................96

3.2.5 Confirmation o f Epitopic Specificity................................................................................................. 97

3.2.6 Affinity Determination.................................................................................................................. 97

3.3 RESULTS..................................................................................................................................98
3.3.1 ScFv Yield and Molecular Weight Determination.................................................................................98

3.3.2 Optimising Storage Temperature....................................................................................................101

3.3.3 Effect o f  IMAC Elution Buffer on Stability........................................................................................ 102

3.3.4 Confirmation o f Epitopic Specificity................................................................................................105

3.3.5 Affinity Estimation......................................................................................................................106

3.4 DISCUSSION.......................................................................................................................... 106
3.4.1 A nalysis o f Results......................................................................................................................106

3.4.2 "Rational" Approaches To Stability Engineering.................................................................................109

3.4.3 Evolutionary Approaches For Stability Engineering...........................................................................I l l

3.4.4 Bacterial Expression................................................................................................................... 112

3.4.5 Vector Expression....................................................................................................................... 113

3.4.6 A Iternative Formats.................................................................................................................... 114

3.5 CONCLUSIONS......................................................................................................................115

4. FORMATION OF MULTIMERS..............................................................................117
4.1 INTRODUCTION...................................................................................................................118

4.2 MULTIMERISATION STRATERGIES................................................................................ 120
4.2.1 Shortening o f ScFv Peptide Linker.................................................................................................. 120

4.2.2 Disulphide Bond Formation with Cysteine Residues........................................................................... 121

4.2.3 Naturally Evolved Multimers.........................................................................................................122

4.2.4 Aims........................................................................................................................................123

4.3 MATERIALS AND METHODS (IN  VITRO)............................................................................. 123
4.3.1 Design and Choice o f Multimers.....................................................................................................123

4.3.2 Production and Purification of Multimers........................................................................................ 126

4.3.3 Confirmation o f Epitopic Specificity................................................................................................127

4.3.4 Affinity Determination.................................................................................................................127



4.3.5 Thermal Stability in IMAC Elution Buffer and in Human Serum ..................................................................................................... 127

4.4 IN VIVO METHODS.......................................................................................................................128
4.4.1 Production and Purification o f  ScFvs............................................................................................................................................................ 128

4.4.2 Radiolabelling.............................................................................................................................................................................................................128

4.4.3 Biodistribution and Pharmacokinetics...........................................................................................................................................................129

4.5 IN  VITRO RESULTS......................................................................................................................129
4.5.1 Selection and Purification o f  ScFvs Expressed in E. Coli Origami.................................................................................................129

4.5.2 Selection and Purification o f  TOPI 0 cys-ScFvs........................................................................................................................................131

4.5.3 Selection and Purification o f  3C4 and 4A4 ScFvs....................................................................................................................................132

4.5.4 Molecular Weight Estimation o f  ScFvs ..........................................................................................................................................................132

4.5.5 Confirmation o f  Epitopic Specificity...............................................................................................................................................................134

4.5.6 Affinity Determination ........................................................................................................................................................................................... 136

4.5.7 Effect o f  Temperature and Mouse Serum on Stability ............................................................................................................................136

4.6 IN  VIVO RESULTS........................................................................................................................138
4.6.1 Radiolabelling.............................................................................................................................................................................................................138

4.6.2 In vivo Studies.............................................................................................................................................................................................................139

4.7 DISCUSSION..................................................................................................................................150
4.7.1 Analysis o f  Results ....................................................................................................................................................................................................150

4.7.2 Multivalency and Affinity...................................................................................................................................................................................... 152

4.7.3 Disulphide Bond Formation Using Additional Cysteine Residues..................................................................................................153

4.7.4 The Use o f  Origami Strain o f  E. Coli fo r  Multimerisation ...................................................................................................................154

4.7.5 Alternative Multimerisation Stratergies: Altered Linker Length ......................................................................................................155

4.7.6 Factors Influencing Dimer to Monomer Transition................................................................................................................................156

4.7.7 Thermal S tability .......................................................................................................................................................................................................157

4.8 CONCLUSIONS............................................................................................................................. 158

5. THERAPEUTIC ScFv CONSTRUCTS..................................................................... 159
5.1 INTRODUCTION........................................................................................................................ 160

5.1.1 Effector Functions.....................................................................................................................................................................................................161

5.1.2 Bispecific A ntibody Fragments..........................................................................................................................................................................163

5.1.3 Staphyllocaccal Protein A .................................................................................................................................................................................... 164

5.1.4 A im s ................................................................................................................................................................................................................................. 165

5.2 METHODS......................................................................................................................................165
5.2.1 Design o f  R3ZZ .......................................................................................................................................................................................................... 165

5.2.2 Production and Purification o f  R3ZZ.............................................................................................................................................................167

5.2.3 IgG Binding .................................................................................................................................................................................................................168

5.2.4 Complement Binding...............................................................................................................................................................................................168

5.2.5 Radiolabelling.............................................................................................................................................................................................................169

5.2.6 In vivo studies .............................................................................................................................................................................................................169

5.2.7 Tumour Penetration Studies.................................................................................................................................................................................169

5.3 RESULTS........................................................................................................................................170
5.3.1 Yield and Molecular Weight................................................................................................................................................................................170

5.3.2 Melanoma Binding...................................................................................................................................................................................................171

5.3.3 IgG Binding .................................................................................................................................................................................................................173

5.3.4 Complement Binding............................................................................................................................................................................................... 174

5.3.5 Radiolabelling.............................................................................................................................................................................................................174



5.3.6 In vivo Studies...........................................................................................................................................................................................................

5.3.7  Tumour Penetration Studies.................................................................................................................................................................................180

5.4 DISCUSSION..................................................................................................................................181

5.4.1 Analysis o f  Results................................................................................................................................................................................................... 181

5.4.2 Improving R3ZZ ScFv Detection in Immunohistochemistry...............................................................................................................183

5.4.3 The Use o f  Frozen Sections.................................................................................................................................................................................. 185

5.4.4 Alternatives to Immunohistochemistry.......................................................................................................................................................... 186

5.5 CONCLUSIONS..............................................................................................................................186

6. IMMUNOHISTOCHEMISTRY USING LHM2 MAb............................................. 188

6.1 INTRODUCTION...........................................................................................................................189
6.1.1 Melanocytic Lesions and M elanoma...............................................................................................................................................................189

6.1.2 Common A cquiredN aevi......................................................................................................................................................................................190

6.1.3 Spitz Naevi (Spindle or Epithelioid Cell Tumour; Juvenile Melanoma).......................................................................................191

6.1.4 Dysplastic N aevi ........................................................................................................................................................................................................192

6.1.5 Malignant Melanoma .............................................................................................................................................................................................. 193

6.1.6 Desmoplastic M elanomas.....................................................................................................................................................................................197

6.2 IMMUNOHISTOCHEMICAL MARKERS................................................................................ 198
6.2.1 S I00 Protein ................................................................................................................................................................................................................198

6.2.2 HM B-45 ..........................................................................................................................................................................................................................199

6.2.3 Antibodies to M elan-A ........................................................................................................................................................................................... 200

6.2.4 Tyrosinase......................................................................................................................................................................................................................200

6.2.5 Other M arkers ............................................................................................................................................................................................................200

6.2.6 Prognostic M arkers .................................................................................................................................................................................................201

6.2.7 Melanoma Antigens.................................................................................................................................................................................................201

6.2.8 Rationale For Use o f  LHM2 Monoclonal A ntibody ...............................................................................................................................202

6.3 MATERIALS AND METHODS.................................................................................................. 203
6.3.1 Lesions Studied .......................................................................................................................................................................................................... 203

6.3.2 Immunohistochemistry........................................................................................................................................................................................... 203

6.3.3 Analysis o f  Results ...................................................................................................................................................................................................204

6.4 RESULTS........................................................................................................................................205
6.4.1 Benign Melanocytic L esions ...............................................................................................................................................................................205

6.4.2 Spitz N aevi....................................................................................................................................................................................................................205

6.4.3 Dysplastic N aevi ....................................................................................................................................................................................................... 207

6.4.4 Primary M elanom as ............................................................................................................................................................................................... 208

6.4.5 M etastatic Melanomas........................................................................................................................................................................................... 209

6.4.6 Corresponding Primary and Metastatic Melanomas Stained with LHM2 Mab....................................................................... 211

6.4.7 Desmoplastic M elanomas.................................................................................................................................................................................... 214

6.4.8 Additional O bservations .......................................................................................................................................................................................215

6.5 DISCUSSION................................................................................................................................. 216
6.5.1 LHM2 Immunoreactivity....................................................................................................................................................................................... 216

6.5.2 Background Immunoreactivity...........................................................................................................................................................................217

6.5.3 Staining Intensity and Prognostic Implications........................................................................................................................................ 217

6.5.4 Desmoplastic M elanomas.................................................................................................................................................................................... 219

6.5.5 Melanoma Antigens .................................................................................................................................................................................................210

6.5.6 ScFvs in Immunohistochemistry........................................................................................................................................................................221

6.6 CONCLUSIONS............................................................................................................................. 222

10



7. SUMMARY & FUTURE DIRECTIONS....................................................................224
7.1 SUMMARY..................................................................................................................................... 225

7.2 ANTIBODY PREPARATION......................................................................................................226
7.2 . 1 Future Directions...................................................................................................................................................................................................... 226

7.3 MULTIMERISATION STRATEGIES.........................................................................................227
7.3 .1 Future Directions......................................................................................................................................................................................................227

7.4 THERAPEUTIC CONSTRUCTS................................................................................................. 228
7. 4.1 Future Directions...................................................................................................................................................................................................... 228

7.5 IMMUNOHISTOCHEMISTRY....................................................................................................230
7. 5 .1 Future Directions......................................................................................................................................................................................................230

7.6 ALTERNATIVE STRATEGIES.................................................................................................. 231
7.6.1 Improving Tumour Targeting Using Antibody Cocktails.................................................................................................................... 231

7.6.2 Therapeutic ScFvs: Alternatives To Staphylococcal Protein-A .........................................................................................................233

7.6.3 Radioimmunotherapy..............................................................................................................................................................................................234

7.6.4 Pretargeting Strategies ..........................................................................................................................................................................................234

7.6.5 PEGylation o f  ScFvs............................................................................................................................................................................................... 235

7.7 CONCLUSIONS............................................................................................................................. 236

8. REFERENCES............................................................................................................... 237
8.1 REFERENCES............................................................................................................................... 238

8.2 REFERENCED WEBSITES..........................................................................................................283

ABBREVIATIONS............................................................................................................ 284

11



LIST OF FIGURES

Chapter 1 Introduction

Figure 1.1.2a Cutaneous Melanomas 

Figure 1.1.2b Melanoma Lifetime Risk

Figure 1.4.5a The Y-shaped Configuration o f a Whole Antibody Molecule 

Figure 1.4.5b Antibody Fragments

Chapter 2 Materials and Methods

Figure 2.2 Colony Lift

Figure 2.4.4 Semi-Dry Western Blotting Unit

Figure 2.5.3 Technique o f Cell ELISA

Figure 2.8 Balb/c nu Mouse Bearing Human Melanoma Xenograft 

Figure 2.10.2 Staining Technique Using Renal Epithelial Membrane

Chapter 3 Antibody Preparation

F igure 3.1.2a Chain-Shuffling to Humanise Mouse ScFvs

F igure 3.1.2b A ntibody Phage Display

Figure 3.1.2c Folycloning Region inpUCl 19 His 6 mycXba

Figure 3.1.2d ScFv in pU C lI9  His 6 myc Xba

F igure 3.1.2e The Evolutionary Selection o f ScFvs

Figure 3.1.3 Reactivity of'^^I-Labelled ScFv Containing Imidazole

Figure 3.3.1a Western Blot Showing Increasing ScFv Yield With Round o f  Selection

Figure 3.3.1b Cell ELISA o f Phage-selected ScFvs

F igure 3.3.1c Elution Profile o f ScFvs Obtained by Direct ELISA Following Gel Filtration 

Figure 3.3.2a Effect o f Storage Temperature on Stability and Melanoma Binding o f  RAFTS ScFv 

Figure 3.3.2b Coomassie Gels Showing the Effect o f Storage Temperature on Stability 

Figure 3.3.3a Effect o f  Removal o f IMAC Elution Buffer on 4A4 ScFv Concentration 

Figure 3.3.3b Effect o f  Desalting 4A4 ScFv (Removing IMAC Elution Buffer) on Melanoma 

Binding

Figure 3.3.3c Effect o f  IMAC Elution Buffer on 4A4 ScFv Concentration

Figure 3.3.4 Competition Cell ELISA Demonstrating Shared Epitope o f  ScFvs and LHM2 IgG

Chapter 4 Formation of Multimers

Figure 4.1 Diagram o f Recombinant Antibody Fragments 

F igure 4.3.1 Formation o f  Cysteine-containing ScFvs

Figure 4.5.1a Western Blot o f  ScFvs Transformed Into Origami Strain o f  E. Coli 

Figure 4.5.1b Western Blot Showing B4cys(or) ScFv Eluted Following IMAC Purification

12



Figure 4.5.2

Figure 4.5.4a

Figure 4.5.4b

Figure 4.5.5

Figure 4.5.7a

Figure 4.5.7b

Figure 4.5.7c

Figure 4.6.2a

Figure 4.6.2b

Figure 4.6.2c

C hapter 5

Figure 5.1.1

Figure 5.1.2

Figure 5.2.1a

Figure 5.2.1b

Figure 5.3.1

Figure 5.3.2a

Figure 5.3.2b

Figure 5.3.3

Figure 5.3.4

Figure 5.3.5

Figure 5.3.6a

Figure 5.3.6b

Figure 5.3.7

C hapter 6

Figure 6.1.2

Figure 6.1.3

Figure 6.1.4

Figure 6.1.5a

Figure 6.1.5b

Figure 6.4.1

Figure 6.4.2

Figure 6.4.3

Figure 6.4.4

Figure 6.4.5a

Figure 6.4.5b

Western Blot o f Cys-ScFvs (TOP 10 E. Coli)

Elution Profile ofB4cys(or) and SAlIcys scFvs Following Gel Filtration 

Elution Profile o f 4A4 and 3C4 scFvs Following Gel Filtration 

Competition Cell ELISA Demonstrating Shared Epitope o f  scFvs and LHM2 IgG 

Effect o f  High Temperature and Mouse Serum on Melanoma Binding o f ScFvs 

Effect o f High Temperature and Mouse Serum on 3A lleys  ScFv Stability 

Effect o f High Temperature and Mouse Serum on 4A4 & 3C4 ScFv Stability 

Histograms ofB 4&  B4(cys )scFvs 

Histograms o f 3A l l  & 3A lleys  scFvs 

Histograms o f 3C4 & 4A4 scFvs

Effect of Coadministration of L-lysine on Biodistribution of scFv

Mechanisms o f  Antibody-Mediated Killing 

Recombinant Antibody Fragments 

Design o f R3ZZ ScFv 

Z  Domain o f Staphylococcal Protein A 

Molecular Weight Determination o f R3ZZ 

Human Melanoma Binding o f  R3ZZ

Human Melanoma Binding o f  R3ZZ in the Presence o f IgG (Mouse and Human) 

Human and Mouse IgG Binding by R3ZZ ScFv 

R3ZZ ScFv Binding to Complement (Clq)

Immunoreactivity o f R3ZZ ScFv

Pharmacokinetics o f R3ZZ in Balb\c nu mice

Biodistribution of R3ZZ ScFv in Balb\c nu mice

Paraffin sections o f Melanoma Xenograft Stained to Detect R3ZZ ScFv

Histopathology and Immunostaining

Common Acquired Naevi 

Spitz Naevi 

Dysplastic Naevi

Clinical Subtypes o f Primary Melanoma 

Lymphatic Spread o f Metastatic Melanoma to Axilla 

Immunoreactivity o f Benign Naevi with SlOO and LHM2 Antibodies 

Immunoreactivity o f  Spitz Naevi with SlOO and LHM2 Antibodies 

Immunoreactivity o f  Dyaplastic Naevi with SlOO andLHM2 Antibodies 

Immunoreactivity o f  Primary Melanomas with SlOO and LHM2 Antibodies 

Immunoreactivity o f  Metastatic Melanomas with H&E Staining, SlOO and LHM2 

Antibodies

Immunoreactivity o f Metastatic Melanomas with LHM2 Antibody (Higher 

Magnification)

13



Figure 6.4.5c

Figure 6.4.6a

Figure 6.4.6b

Figure 6.4.7

Figure 6.4.8

Immunoreactivity o f  Metastatic Melanomas with H&E Stain and SlOO Antibody 

(Higher Magnification)

Relationship Between Antigen Expression (Staining Intensity) and Outcome 

Correlation Between The Two Groups and Outcome (Disease-Free Interval) 

Immunoreactivity o f  Desmoplastic Melanomas with SlOO and LHM2 Antibodies 

Incidental Staining o f Normal Tissues with LHM2 Mab

LIST OF TABLES

Chapter 1 Introduction

Table 1.1.5a Melanoma Survival by Stage

Table 1.1.5b Melanoma TNM Classification

Table 1.2.3 Relative Costs o f Imaging Techniques

Table 1.5.2 Survival o f  Patients With Advanced Melanoma

Chapter 2 Materials and Methods

Table 2.1 Antibodies Used in This Thesis

Table 2.4 Formulation o f SDS-PAGE Gels

Chapter 3 ScFv Development and Purification

T able 3.3.1 Yields and Molecular Weights o f  ScFvs After Several Rounds o f  Phage Selection

Chapter 4 Single Chain Fv Affinity Maturation

Table 4.5.4 Molecular Weight Estimation By Low-Pressure Gel Filtration

Table 4.5.6 Antibody Affinities

Table 4.6.1 Characteristics of^^^I-Radiolabelled ScFvs

Table 4.6.2a %ID/gfor I-Labelled B4 & B4cys(or) ScFvs

Table 4.6.2b %oID/gfor I-Labelled 3A I I &3A I leys ScFvs

Table 4.6.2c %oID/gfor ‘^^I-Labelled 3C4 & 4A4 ScFvs

Table 4.6.2d T:NT for I  Labelled B4 & B4cys(or) ScFvs

Table 4.6.2e T:NTfor I  Labelled 3A11 & 3A I leys ScFvs

Table 4.6.2f T:NTfor Labelled 3C4 & 4A4 ScFvs

14



Chapter 5 Therapeutic ScFv Constructs

Monoclonal Antibodies Used To Treat Melanoma

%ID/gfor ‘^^I-LabelledLHM2 Mab, R3ZZ& R 

TiNTfor ‘^^I-LabelledLHM2 Mab, R3ZZ & RA

Histopathology and Immunostaining

Clark’s Levels o f Melanoma Invasion 

Breslow’s Staging o f Melanoma Thickness 

Tissues Demonstrating SlOO Immunoreactivity

With LHM2

Table 6.4.8 Positive Staining o f all Specimens Stained with SlOO and LHM2

Table 5.1

Table 5.3.6a

Table 5.3.6b

Table 5.3.6c

Chapter 6

Table 6.1.5a

Table 6.1.5b

Table 6.2.1

Table 6.4.6a

Table 6.4.6b

15



“In the present state o f  our knowledge, 

when the disease appears in several parts o f  the body, 

physic will, Ifear, uniformly fa il and surgery will be foiled.

William Norris (1792-1877)
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Introduction

1.1 THE CLINICAL PROBLEM

1.1.1 History

The first description of melanoma was made by John Hunter in 1787. He described a case 

of a recurrent mass behind the angle of the jaw in a young man, calling it a ^"cancerous 

fungous excrescence^". The first series of patients with melanoma was reported in 1857 by 

William Norris, who noted a number of features (the association with fair hair and 

complexion, as well as the familial component) of the disease that have remained valid 

today. Pemberton in 1858 first described wide and deep excision of melanoma, but it was 

William Handley in 1907 who recommended wide excision of the primary lesion, regional 

lymph node dissection, and amputation of extremities for advanced cases. Such 

recommendations still hold true today [Neville 1998].

For patients with métastasés there was no effective treatment once radical surgery was no 

longer an option. It was not until the 1940s that studies were designed to determine more 

precise and tailored methods of treatment. The observation that antibodies could target 

tumour cells in patients selectively paved the way for antibody-based anti-cancer 

strategies. Interest in detection, evaluation and advanced treatment of cancers using 

radiolabelled antibodies has steadily increased since the pioneering work of Pressman 

during the 1940s and early 1950s [Pressman 1948; Pressman 1953]. Pressman et al 

proposed the use of antibodies as carriers of radionuclides, and demonstrated the first in 

vivo studies of tumour targeting using *^^I-labelled antibodies in the 1950s. Early clinical 

studies with polyclonal antibodies showed that it was feasible to target various cancers 

[Chao 1974; Goldenberg 1978; Bale 1980]. The technique was however limited by the 

small amount of radiolabelled antibody taken up by tumour cells. The advent of hybridoma 

technology in the 1970s allowed the production of unlimited amounts of monoclonal 

antibodies (Mabs) directed against single specific tumour-associated antigens [Kohler 

1975]. Since then efforts have been renewed to improve the production of antibodies using 

recombinant techniques, and to find newer methods of radiolabelling these antibodies. The 

encouraging results from these early studies have provided the impetus for continued work
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to develop radioimmunopharmaceutical agents for the detection and treatment of malignant 

melanoma.

Figure 1.1.2a Cutaneous Melanomas

Superficial spreading 
melanoma exhibiting 
asymmetr), irregular 
borders, and variegation 
in colour.

Acral lentiginous 
melanoma occurring 
on the sole of the 
foot. This lesion also 
has an irregular 
border.

1.1.2 Epidemiology of Melanoma

Melanoma is a relatively uncommon, but potentially lethal skin cancer (Figure 1.1.2a). 

Although melanoma accounts for only 4% of all skin cancers [Greenlee 2000], it causes 

more than % of deaths from skin cancer. It is estimated that there will be 51,400 new cases 

in 2001 in the USA, resulting in 7,800 deaths [Rigel 2000; [American Cancer Society 

website 2001]. Unlike other skin cancers, the incidence continues to increase at an 

epidemic rate [Koh 1991] (Figure 1.1.2b). Furthermore, the incidence of melanoma is 

increasing faster than the incidence of cancer at any other leading site [Wingo 1998], and 

has become the most fatal malignancy among young adults [Weinstock 2000]. Melanoma 

is now the most frequent cancer in women in the USA, aged 25-29, and the second most 

frequent (after breast cancer) for women of 30-34. More than 20% of these tumours appear
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on the head and neck. Thick lesions, especially in men, have increased significantly with 

time, and these lesions are contributing to the mortality associated with the disease 

[Morton 1993a; Kim 1999; Marghoob 2000; SEER Report, National Cancer Institute 

website 2001]. It may soon become an overwhelming burden for the challenged healthcare 

service.

Figure 1.1.2b Melanoma Lifetime Risk

Rigel at al, NYU M elanom a Cooperative Group, 2001

USA Lifetime Risk Invasive MM

1/50

1/75
1/71

1/150

1/250

1/600
1/1500

2001

(Adapted from American Cancer Society Website 2001)

Melanoma is diagnosed far more in Caucasians than in Blacks or Asians. Melanoma 

lesions occur more often on sun-exposed skin in Caucasians. In African-Americans, the 

lesions occur on the extremities, especially the soles of the feet and the palms of the hands 

[Krementz 1976; Crowley 1991; Bellows 2001]. A recent study showed that when African- 

Americans develop cutaneous melanoma the survival rate was significantly poorer, with 

45% survival at 5 years compared to 69% in Caucasians [Bellows 2001]. The study 

showed that black males are four times as likely to develop melanoma than black females.
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Clinical studies have emphasised that melanoma is more aggressive in Blacks than in 

Caucasians [Krementz 1976; Reintgen 1982]. The main reason for the poorer prognosis in 

Blacks is thought to be the advanced stage of disease at the time of initial presentation 

[Krementz 1976; Vayer 1993; Bellows 2001]. This may be due to lack of knowledge and 

low-level of awareness of melanoma, or the propensity to overlook a dark lesion on dark 

skin. This highlights the importance of educational programmes, a high index of suspicion, 

coupled with a scrupulous examination and a low threshold for excising suspicious 

pigmented lesions.

1.1.3 Aetiology of Melanoma

Both environmental and genetic factors have been associated with an increased 

predisposition towards malignant melanoma [Whiteman 1998; Kefford 1999]. Exposure to 

ultraviolet radiation from the sun is the most avoidable cause of melanoma. [Armstrong 

1993; Weinstock 1998a; Weinstock 1998b]. This association was first clearly 

demonstrated in the 1950s when Lancaster described the link between incidence of 

melanoma and latitude for white European populations across the globe [Lancaster 1956]. 

Radiation in the ultraviolet B range (280 to 320nm) is thought to be the most important 

contributor [Koh 1990]. Acute intermittent sun exposure has been shown to play a much 

greater role than cumulative sun exposure [Elwood 1997]. This contrasts with the more 

common basal and squamous cell carcinomas, where cumulative sun exposure is directly 

related to risk [Gilchrest 1999; Weinstock 1999]. The problem of Ozone depletion leading 

to increasing UVB levels may lead to an increase in melanoma and other skin cancers in 

the future though no direct evidence exists as yet. Similarly, some preliminary evidence 

has linked melanoma to sun beds and tanning parlours [Swerdlow 1998]. Sunburn in 

childhood also appears to be an important factor in developing melanoma [Zanetti 1992; 

Autier 1998]. Appreciating the role of sun exposure in melanoma risk is critical for 

prevention strategies.

Inherited predisposition to melanoma is substantiated by epidemiological and genetic 

studies. Overall, 5 to 15% of melanoma patients report one or more affected first-degree 

relatives [Conrad 1999; Bishop 2000; Piepkom 2000]. In some families, 14 to 30% of
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people diagnosed with cutaneous melanoma have multiple primary cutaneous melanomas. 

Strong evidence for a genetic link comes from association with Atypical Mole Syndrome 

(formerly Dysplastic Naevus Syndrome) [Lynch 1980]. Individuals with this syndrome 

have 10% risk of developing melanoma [Greene 1985a; Greene 1985b; Greene 1999]. 

Other well-defined factors include multiple melanocytic naevi, atypical/dysplastic naevi, 

family history of melanoma, and light skin and hair which are independent risk factors, 

compounded by sun exposure [Rhodes 1987; Conrad 1999; Naldi 2000]. Their occurrence 

increases the lifetime risk of melanoma dramatically, in some studies to as high as 50%, 

and the average age at diagnosis in such families is 10 years younger than in control 

populations [Conrad 1999].

1.1.4 Metastatic Disease

Melanoma is potentially curable if caught early. However, once there is metastasis, 

response to available treatments is poor. Melanoma is relatively resistant to chemotherapy, 

with response rates of 20-40% [Legha 1989; McClay 1992]. In a large number of patients 

with malignant melanoma, metastasis may well have occurred by the time of diagnosis 

[Balch 1982; Akslen 1987]. The most important determinants of survival for these patients 

are site of metastasis (i.e. local, regional, distant), the number of sites involved, and the 

involvement of visceral organs [Soong 1998]. For nodal disease metastasis can be 

confirmed by fine-needle aspiration or open biopsy. If there is a high index of suspicion 

then elective lymph node dissection (ELND) is carried out without a biopsy. The goals of 

ELND are curative, local disease control or palliation and staging, but at present ELND 

does not seem to provide any survival benefits [Cole 1996; Piepkom 1997; Hochwald 

1998].

1.1.5 Staging Patients and Predicting Survival

The management of melanoma is dependent on several prognostic factors and many 

melanoma clinical trials recmit patients on the basis of staging criteria. A uniformly 

accepted method for clinical and pathological staging is thus essential if results of different
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trials and treatments are to be compared. Melanoma staging is generally described using 

the AJCC (American Joint Committee on Cancer) system, which has recently been updated 

[Balch 2001a; Balch 2001b]. The new system now incorporates clinical and pathologic 

factors that more accurately reflect the biology of the disease. Clinical staging includes 

microstaging of the primary melanoma and clinical/radiological evaluation for métastasés. 

Pathological staging includes microstaging of the primary melanoma and pathological 

information about the regional lymph nodes after partial or complete lymphadenectomy. 

Staging involves the TNM classification where the thickness (T), number of metastatic 

nodes (N), and presence of métastasés (M) are correlated with survival (Tables 1.1.5 a and 

1.1.5b). Information regarding ulceration and micro- or macrometastases are now also 

required. This allows identification of patients who as low, intermediate, or high risk.

Tumour thickness and ulceration are the most powerful predictors of survival in patients 

with localised melanomas (stages I and II) [Balch 2001a]. The level of invasion, as 

measured by Breslow’s microstaging method [Morton 1993a], has a significant impact 

only for patients with thin (<1 mm) melanomas. The number of metastatic nodes, tumour 

burden (microscopic or macroscopic) and presence/absence of melanoma ulceration are the 

most powerful predictors of survival in patients with nodal métastasés (stage III). Sentinel 

node biopsy provides vital information regarding the state of the sentinel nodes [Morton 

1991; Essner 1999] and has thus led to an alteration in the way melanoma patients are now 

staged. The anatomical site of distant métastasés is the most significant predictor of 

survival in patients with distant métastasés (stage IV), with non-visceral métastasés 

associated with a better survival compared to visceral métastasés.

Patients with localised melanomas (stage I and II) have 90-100% 1-year survival and 32- 

88% 10-year survival. The presence of nodal disease reduces survival significantly (71-96 

% 1 -year survival, and 18-63% 10-year survival). Once a patient has progressed to stage 

IV disease survival rates are measured in months rather than years. These patients have a 

41-60% 1-year survival and a 6-16 % 10-year survival [Balch 2001a].
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Table 1.1.5a Melanoma Survival by Stage

Introduction

Stage
Disease
Spread 1-year

Survival (%)
5-year 10-year

l& l l Local 90-100 45-95 32-88

III Nodal mets 71-96 27-70 18-63

IV Distant mets 41 -60 10-19 6-16

(Adaptedfrom Balch, 2001b)

Table 1.1.5b Melanoma TNM Classification

T classification Thickness (mm) Ulceration Status

T1 < 1.0
a; without ulceration and level ll/ll 1 

b: with ulceration and level IVA/

T2 1.01 -2 .0 a: without ulceration; b: with ulceration

T3 2.01 -4 .0 a: without ulceration; b: with ulceration

T4 >4.0 a: without ulceration; b: with ulceration

N classification No of Metastatic Nodes Nodal Metastatic Mass

N1 1
a: micrometastases 

b: macrometastases 

a: micrometastases

N2 2 - 3
b: macrometastases

c: in transit met(s) / satellite(s)

without metastatic nodes

N3
^ 4 metastatic nodes, or matted nodes, or in transit met(s) / satellite 

with metastatic node(s).

M classification Site Serum LDH

Mia Distant skin, subcutaneous, or nodal métastasés Normal

Mib Lung métastasés Normal

M ic
All other visceral métastasés Normal

Any distant metastasis Elevated

(Adaptedfrom Balch, 2001b)
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A number of clinical features serve as prognostic indicators. Advancing age is an 

independent prognostic factor for all patient groups, and correlates with thicker lesions and 

shortened survival [Cohen 1987; Austin 1994; Balch 2000; Balch 2001a], Sex (males with 

poorer prognosis than females) and anatomic site (trunk and head and neck sites with 

poorer prognosis than extremities) of the primary melanoma correlate significantly with 

survival [Balch 2001a]. Seventy-three percent of lower extremity melanomas occur in 

women and 66% of chest and back lesions occur in men. 52% of melanomas occur on 

upper and lower extremities, whilst 47% occur on trunk or head and neck. Survival rates 

are better for extremities than for trunk melanomas [Balch 2001a]. Elevated serum lactate 

dehydrogenase (LDH) levels are also associated with a poor prognosis [Garg 1979; Finck 

1983; Sirott 1993; Franzke 1998; Deichmann 1999]. Other pathological factors associated 

with poor prognosis include absence of lymphocytic reaction, decreased or absent 

pigmentation, and melanoma regression [McGovern 1975; Reed 1975; Park 1993; 

Australian Cancer Network, NHMRC Guidelines 2002]. Regressed melanomas are more 

likely to be missed leading to late diagnosis, and hence poor outcome [Barr 1994; Prehn 

1996].

1.1.6 The Effects of Detection and Treatment on Survival

Experimental forms of treatment such as immunotherapy, gene therapy, or combination 

biochemotherapy show promise in early clinical trials, but often fail to produce consistent 

increases in survival on further testing [Legha 1993; Mastrangelo 1996; Kirkwood 1996; 

Wallack 1998]. A genetic assay known as reverse transcriptase-polymerase chain reaction 

(RT-PCR) has been used to increase the sensitivity of diagnosis [Wang 1994]. The 

tyrosinase gene is expressed in melanoma cells, and RT-PCR is so sensitive that one 

tumour cell present in a million cells can be detected. The use of an RT-PCR assay for 

detection of submicroscopic melanoma métastasés in sentinel lymph nodes has been shown 

to improve the prediction of melanoma recurrence and overall survival when compared to 

routine pathological examination [Shivers 1998]. RT-PCR findings can be correlated with 

clinical outcome. This molecular test is a far more sensitive diagnostic forecaster than any 

other currently used. However, no single prognostic factor or group of prognostic factors 

has reached 100% success in predicting outcome for individual patients with cutaneous
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melanoma. As most of these studies are carried out in advanced disease, it may be that 

earlier detection and treatment may affect survival.

Whilst it may be said that the benefits gained fi*om detection of early disease appear 

minimal [Thomas 2000], it may also be argued that there is a need to stratify patients both 

for entry into clinical trials and ultimately to guide clinical therapy. Furthermore the value 

of prognosis as related to patient well-being cannot be ignored. There is thus an increasing 

need to develop efficient methods of accurate detection of metastatic spread. Bender et al 

have shown that melanoma imaging using tumour specific antibodies can improve patient 

survival [Bender 1997]. Advances being made in the field of tumour imaging will enable 

the precise determination of disease extent, enabling patients to benefit fi"om adjuvant 

therapy.

1.2 DIAGNOSING METASTATIC DISEASE

The ideal diagnostic technique used should have high sensitivity and specificity whilst 

allowing easy whole body tumour detection. Clinical examination remains the most 

reliable method of detecting recurrence and métastasés. Chest radiography, computer 

tomography and ultrasound are used as a complement to clinical diagnosis, with MRI 

being used less frequently. PET scanning and sentinel node biopsy (SLNB) are becoming 

more widely used although at present are principally involved in patient trials.

1.2.1 Physical Examination

A careful history and physical examination are the most sensitive, specific and cost- 

effective means of evaluating possible metastasis. Patients can be taught self-examination 

to facilitate the diagnosis of recurrence [Odili 2001]. However, physical examination
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provides no information regarding micro-metastases, which may be present at the initial 

consultation, or thereafter at subsequent follow-ups [Schmelter 1986].

1.2.2 Laboratory Tests

An isolated elevation of serum alkaline phosphatase or LDH level suggests liver 

involvement, and is presumptive evidence of metastatic disease [Garg 1979; Finck 1983]. 

This factor is among the most predictive independent factors of diminished survival when 

analysed in a multivariate analysis, even after accounting for site and number of métastasés 

[Sirott 1993; Franzke 1998; Deichmann 1999]. Other tests are being evaluated but have not 

yet reached the point of having routine clinical application.

1.2.3 Radiological Tests

1.2.3.1. Plain X-ray

The chest x-ray is useful for screening purposes. Its interpretation however relies upon 

differentiation between the radiodensities of the various tissues, and is thus used primarily 

in the detection of bone or lung metastasis. Most studies evaluating its role have failed to 

demonstrate a clear use, but ease of use and familiarity have helped to maintain this 

investigation as routine in many centres [Simeone 1977; Curtis 1982].

1.2.3.2. Ultrasound (US) and Computerised Tomography (CT)

Staging provides important prognostic information and is the basis on which patients are 

selected for radical treatment. The US or CT scans are most commonly used for staging, 

and are especially useful if chest or abdominal métastasés are suspected [Bassett 1977; 

Libshitz 1982]. CT offers greater resolution in distinguishing pathologically enlarged 

structures. However limitations remain in the minimum size of the deposit that can be 

detected, and whilst able to detect clinically unsuspected disease in patients, high false 

positive rates have been reported in asymptomatic patients [Buzaid 1995]. In contrast, US 

is relatively cheap (see Table 1.2.3) and simple with no known detrimental effects at the
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frequencies used for diagnosis [Farges 1985]. However its value in terms of whole body 

imaging remains extremely limited.

1.2.3.3. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive technique avoiding exposure to 

ionising radiation. It produces superior soft tissue resolution and has been shovm to 

distinguish melanoma from other tissues [Takahashi 1992; Premkumar 1996]. However, 

cost (Table 1.2.3) and availability, as well as the discomfort and anxiety associated with 

being in the scanner for long periods of time, preclude the use of MRI for whole body 

imaging.

1.2.3.4. Positron Emission Tomography

Nuclear imaging techniques such as positron emission tomography (PET) are thought to be 

superior to standard diagnostic methods in terms of sensitivity, specificity, and cost 

[Holder 1998; Kang 1998; Glasspool 2000; Tyler 2000]. PET is a novel diagnostic method 

using radiolabelled substrates such as fiuoro-deoxyglucose (^*F) to detect increased cellular 

metabolism in vivo. It has been recognised that tumour cells use higher levels of glucose 

than most normal cells. Imaging is based on recognition of altered metabolic rate and 

altered perfusion of the tumour. PET scanners are potentially suitable for total body 

scanning but again a number of problems preclude their use. PET scanners are costly and 

available at very few centres in the United Kingdom. The short life span of the ^̂ F isotope 

necessitates its production in a cyclotron, which must be located relatively close to the 

scanner. Imaging is limited by the size of tumour deposit which must be greater that 5mm 

[Holder 1998; Tyler 2000]. In a recent study comparing sentinel node biopsy to PET 

scanning, PET failed to detect the presence of micrometastases in 14 of 50 patients 

diagnosed by SLNB [Acland 2001]. The use of PET would thus be limited to patients with 

advanced disease, and has little if any role in the evaluation of early stage disease.
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Table 1.2.3 Relative Costs of Imaging Techniques

Examination Cost (£)

Chest X-ray
£34 single film 

£51 multiple views

Computerised Tomography (CT)

£250 single region 

£350 whole body survey 

£80 contrast and rescan

Magnetic Resonance Imaging (MRI)

£400 single region

£650 two or more body parts

£100 contrast and rescan

Positron Emission Tomography (PET)
£500 head

£700 whole body survey

Ultrasound
£85 single region 

£130 whole abdomen

Bone scan £200 whole body survey

Single Photon Emission CT (SPECT) £120 single region

Lymphoscintigraphy (LSG) £120 single region

Immunoscintigraphy (ISG) £200 whole body

Costs include interpretation of the images by a radiologist. Costs are correct for April 
2002. Prices courtesy of Department of Radiology and Department of Nuclear Medicine, 
Mount Vernon Hospital, Northwood, United Kingdom.

1.2.4 Preoperative Lymphoscintigraphy

Preoperative lymphoscintigraphy is used to identify lymphatic drainage pathways that may 

contain métastasés. It has also allowed the identification of anomalous drainage pathways, 

which have previously been undocumented or unexpected [Uren 1994; Thompson 1999; 

Uren 1999]. Anomalous pathways are as likely to contain micrometastatic melanoma as 

sentinel nodes in recognised fields [Uren 2000]. Their identification therefore has 

important implications for accurate staging by SLNB. It is also of great value in the follow- 

up process for patients who do not undergo SLNB, where it identifies the site(s) at which 

nodal recurrence is likely to occur.
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1.2.5 Sentinel Lymph Node Biopsy (SLNB)

The initial route of metastasis in most patients with melanoma is via the lymphatics to the 

regional nodes [Barnhill 2000]. Elective lymph node dissection (ELND) for patients with 

clinical stage I melanoma remains controversial as most of these patients do not have nodal 

métastasés, are unlikely to benefit from the operation and may suffer troublesome 

postoperative oedema of the limbs [Cole 1996]. SLNB permits intraoperative identification 

of the lymph node nearest the site of the primary melanoma on the direct drainage 

pathway. The sentinel node is the most likely site of early métastasés and can be removed 

for immediate intraoperative study by histology to identify clinically occult melanoma 

cells. This technique identifies, with a high degree of accuracy, patients with early stage 

melanoma who have nodal métastasés and are likely to benefit from ELND [Morton 1991]. 

Morton, in his series demonstrated that the sentinel node histology accurately reflects the 

pathology of the remainder of the lymph node basin [Morton 1992]. This work has been 

reproduced and further substantiated by other studies [Reintgen 1983; Ross 1993; Reintgen

1994]. The incidence of regional nodal recurrence can be as low as 3.2% after SLNB 

[Gogel 1998].

1.3 HISTOPATHOLOGY AND PROGNOSIS

1.3.1 Histopathology of Melanoma

The prognosis of patients with malignant melanoma can vary dramatically depending on 

the type or stage of melanoma excised. A common problem with the diagnosis of 

metastatic cancer is distinguishing a metastatic melanoma from anaplastic or 

undifferentiated carcinoma or lymphoma. Electron microscopy and immunostaining of 

histopathological specimens with antibodies are crucial in aiding the pathologist in the 

diagnosis [Kahn 1986; Michie 1987].
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Histopathological factors have been identified as being of prognostic significance. These 

include tumour infiltrating lymphocytes, tumour regression and tumour cell mitotic rate 

[Ronan 1987; Clark 1989; Vollmer 1989]. In a study of 534 stage I melanoma patients 

Heenan et al noted that the presence of spindle cells in the primary lesion predicted a more 

favourable prognosis, whereas a polypoid or verrucous tumour configuration correlated 

with a worse outcome [Heenan 1991]. Melanoma is a highly ‘immunogenic’ tumour 

[Bystryn 1992; Crowley 1993] and therefore it might be expected that the host immune 

response would correlate with a favourable outcome [Tefany 1991; Soong 1992]. A strong 

anti-tumour response in the form of intense lymphocytic infiltration is often seen at 

histological examination [Crowley 1990], and spontaneous remission of melanoma has 

been described [McGovern 1975; Bodurtha 1976; Menzies 1997] and observed in up to

0.4% [Baldo 1992]. Vitiligo is a favourable prognostic sign in metastatic melanoma and is 

likely to represent autoimmune destruction of melanocytes [Nordlund 1983; Bystryn 

1987]. However others have suggested that the presence of an inflammary response may 

represent a more aggressive tumour, thus adversely affecting outcome [Mascaro 1987].

The anti-tumour response seen with melanoma is at least in part due to the wide range of 

tumour-associated antigens found on melanoma cells. Over 40 melanoma-associated 

antigens (MAAs) have been described [Kang 1997] and show varying degrees of tumour 

specificity. Several of these exhibit consistent expression across all stages of the disease 

[Herlyn 1988] and thus make ideal candidates for antibody targeting studies.

In the past few years a number of biomolecular factors have been implicated in prognosis. 

Many of these factors can be related to histopathological attributes. For example tumour 

thickness and mitotic rate reflect the degree of cellular proliferation, representing a balance 

between cell division and apoptosis. Thickness will also be influenced by the degree to 

which tumour cells can invade the dermis. These processes are governed by cytokines and 

other immunoregulatory molecules, some of which have been shown to have an effect on 

prognosis [Smolle 1996]. Other biomolecular factors studied include p53 and c-myc. 

Grover et al showed that overexpression of c-myc predicted metastatic potential and poor 

short-term survival [Grover 1997]. However, this finding has not been consistent with 

some authors finding no significant difference between biological behaviour and c-myc 

expression [Boni 1998].
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1.3.2 Immunohistochemistry

Antigens are commonly used in the diagnosis of histologically different types of melanoma 

and thus play an extremely important role. The development of antibodies directed against 

melanoma-associated antigens has greatly aided this process. The most commonly used 

reagent is the antibody that reacts with S I00. Although highly specific for melanoma, it is 

also expressed in a wide range of tissues including neurons, macrophages, dendritic cells, 

thyroid and renal carcinoma [Takahashi 1984]. HMB-45 antibody is more melanoma 

specific but less sensitive than SI00, and is used mainly as a confirmatory antibody [Gown 

1986]. Melanoma-associated antigens such as protein S I00 or HMB-45 play an important 

role as melanoma markers in the histological differential diagnosis of melanoma. 

Serological tumour markers such as S I00 protein have acquired increasing importance 

recently, particularly in assessing the course of malignant melanoma and monitoring 

treatment [Brochez 2000].

Novel markers of prognosis are required which are more melanoma specific. Whole 

monoclonal antibodies directed against high molecular weight melanoma-associated 

antigen (HMW-MAA) may have a role in immunohistochemistry and as melanoma 

prognostic markers [Kageshita 1992]. The use of tissue micro-arrays, which has removed 

the tedium of examining hundreds of melanoma specimens, should assist greatly in 

assessing these antibodies.

1.3.3 HMW-MAA

High-Molecular Weight Melanoma-Associated Antigen (HMW-MAA) is a well-known 

surface proteoglycan. It consists of two non-covalently associated glycopolypeptides with 

molecular weights of 280 and 440 kDa [Wilson 1981; Bumol 1982]. HMW-MAA is 

expressed on cell surface microspikes thought to be involved in migration and contact 

inhibition [Garrigues 1986; Schlingemann 1990]. It is detected in 80-90% of surgically 

excised melanomas [Buraggi 1984; Giacomini 1984; Natali 1984], and expressed in 80- 

100% of primary melanoma cell cultures [Herlyn 1980; Herlyn 1985]. Its expression levels 

in melanoma and normal tissues have been well characterised [Reisfeld 1982], and its use
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in immunoscintigraphy and immunotherapy is known [Buraggi 1985; Mittelman 1990; 

Siccardi 1990]. Its expression in melanomas may provide an important tool in terms of 

prognosis and disease progression. Monoclonal antibodies directed against this antigen 

have been produced by hybridoma techniques [Reisfeld 1987; Kupsch 1995], making it a 

promising target for radio-immunodetection and targeted therapy as well as a useful tool 

for the pathological diagnosis of melanoma. As a diagnostic tool it would be highly 

melanoma specific, and thus could potentially be used as an alternative to S I00 and HMB- 

45 in immunohistochemistry.

1.3.4 HMW-MAA Expression in Normal Tissues

HMW-MAA has been extensively studied as a potential antigen for tumour targeting. 

Immunohistochemical studies have shown its expression to be largely restricted to 

melanoma cells. In fact, HMW-MAA has been found on cultured melanocytes but is not 

seen in normal epidermal melanocytes [Hellstrom 1983]. It has also been detected at low 

levels on some small blood vessels [Hellstrom 1983; Schlingemann 1990] and guinea pig 

studies have shown low levels of expression in hair follicles and some basal kératinocytes 

[Liao 1987]. A minor degree of expression on human basal kératinocytes has also been 

reported [Kupsch 1995]. While these data show this antigen to be only relatively 

melanoma-specific, cross reactivity with normal tissues in these studies has been very low. 

Indeed, Pluschke’s study revealed very little HMW-MAA expression in normal tissues by 

RNA blot [Pluschke 1996]. A low level of binding to blood vessels is unlikely to interfere 

greatly with melanoma targeting. These data therefore suggest that a 

radioimmunopharmaceutical directed at HMW-MAA will bind to melanoma in a reliable 

fashion with very little cross-reactivity with normal tissues.

1.3.5 HMW-MAA Expression on Melanoma Cells

The level of antigen expression determines how well a particular

radioimmunopharmaceutical binds a tumour deposit, and thus the efficacy of imaging or

therapeutic studies. The number of available binding sites is thus a major factor in
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determining the amount of targeting molecule that accumulates in and around the tumour. 

For immunoscintigraphy to be successful, uniformity of antigen expression within a given 

tumour deposit would not be absolutely necessary, as any “hotspot” would be considered 

suspicious and warrant further investigation. In contrast uniformity of expression would be 

important for therapeutic studies where it is important to target as many tumour cells as 

possible. Fortunately, the heterogeneity of antigenic expression for HMW-MAA in 

metastatic melanoma deposits is relatively low in comparison to other tumour-associated 

antigens [Natali 1985; Kageshita 1991]. There is also low heterogeneity of HMW-MAA 

expression in different deposits within the same individuals [Natali 1985]. The expression 

is also similar in both primary and metastatic cutaneous melanomas [Kageshita 1991], with 

the exception being acral lentiginous melanomas, where the difference in expression is of 

prognostic significance [Kageshita 1992].

In vitro studies on the number of antigenic sites per cell have shown that HMW-MAA is 

present at levels of between 2x10"  ̂ and 1.8x10^ molecules per melanoma cell [Giacomini 

1985; Shockley 1990; Kang 1999]. The density of HMW-MAA on a wide variety of both 

cultured melanoma cells and melanoma specimens is comparable to that of other potential 

target antigens such as p97 (5x10"  ̂ to 5x10^ molecules per melanoma cell) [Houghton

1992] and gangliosides GM2, GD2, GT3 and 9-0-Ac-GD3 (8x10^ to 3x10* molecules per 

melanoma cell) [Hamilton 1993]. These data suggest that a radioimmunopharmaceutical 

directed at HMW-MAA should be able to bind melanoma cells in sufficient amounts to be 

detected by ISG. This has been demonstrated in extensive immunoscintigraphic studies 

targeting HMA-MAA in melanoma patients [Buraggi 1985; Lotze 1986; Cemy 1987; 

Siccardi 1990].

34



Introduction

1.4 RADIO-IMMUNOSCINTIGRAPHY

1.4.1 Introduction

Radio-immunoscintigraphy (RIS) is the use of radiolabelled tumour-specific antibodies or 

their fragments to detect tumour. The antibodies act as carriers of radionuclides that enable 

external imaging of disease throughout the body by means of gamma camera imaging 

[Larson 1984]. Melanoma seems ideally suited to antibody-mediated targeting as a number 

of melanoma antigens have been well characterised [Carrel 1980; Houghton 1982; Reisfeld 

1982; Houghton 1986; Herlyn 1988]. Monoclonal antibodies (Mabs) against melanoma 

antigens have been labelled with radioisotopes and shown to localise to human melanoma 

[Buraggi 1984; Carrasquillo 1984; Buraggi 1986]. The majority of these studies used Mabs 

directed against high molecular weight melanoma-associated proteoglycan (HMW-MAA) 

[Kang 1998]. HMA-MAA is a well-characterised melanoma surface antigen with limited 

expression by normal tissues [Kupsch 1999], and low heterogeneous expression between 

patients [Natali 1985]. It has also been used as a target for melanoma therapy [Mittelman 

1995a]. It is expressed in up to 90% of cutaneous melanomas, and with similar frequency 

in both primary and metastatic lesions [Kageshita 1991].

1.4.2 Melanoma as a Target for RIS

There are several rationales to RIS for imaging melanoma. Metastatic lesions often go 

undetected by physical examination and conventional diagnostic means. In a study 

involving 92 melanoma patients 30% subsequently developed métastasés following 

negative findings on physical examination [Schmelter 1986]. Immunoscintigraphy using 

anti-melanoma antibodies for detection of metastatic melanoma has been extensively 

investigated. The disseminated distribution of metastatic melanoma makes RIS a useful 

adjunct offering more complete staging of patients before surgery, and allows the location 

of disease outside the surgical field. It can be used to identify patients who could benefit 

from further surgery (i.e. regional lymph node dissection for nodal métastasés, or
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hyperthermic isolated lymph node perfusion for patients with in-transit métastasés) or 

aggressive biochemotherapy. Bender et al have been able to show that repeated 

administration of their antibody fragment targeting HMW-MAA almost doubles survival in 

melanoma patients [Bender 1997]. This is thought to be due short-term blockade of tumour 

progression caused by an antibody-induced immune response. Similarly, anti-idioptypic 

antibodies can be used to treat patients with melanoma, thereby prolonging patient survival 

[Mittelman 1995b]. Further extension of radiolabelled antibodies towards treatment of 

disease would offer an improved method of delivering high doses of radiation to lesions 

throughout the body.

1.4.3 Comparison To Other Imaging Modalities

Currently, CT scans, radionuclide bone scans, and MRI are used to evaluate the extent of 

disease. The tests are usually conducted when specific symptoms require investigation. 

However these diagnostic modalities are not specific for melanoma, and biopsy remains 

the only definitive means of identifying the cause of a lesion. The sensitivity of ISG using 

anti-HMW-MAA antibody preparations for the detection of known metastasis is around 

75%, comparing favourably with standard diagnostic methods [Kang 1998]. ISG is able to 

survey the entire body in a single procedure, detecting a substantial number of clinically 

occult metastasis [Siccardi 1990].

The superiority of antibody-mediated imaging over other imaging modalities has been 

demonstrated [Begent 1996]. Antibody imaging has the potential to exceed the 

performance of CT and MRI scans, because it depends on the contrast between normal 

tissue and tumour, and the amount of localised radionuclide, whereas CT and MRI depend 

on the resolution of the imaging device. CT scans also define abnormality based on size of 

lymph nodes or the presence of a mass or nodule in an abnormal place. PET, like 

immunoscintigraphy provides little anatomic information but can be used to scan the entire 

body. However, unlike RIS false positive rates with PET are high, and this form of 

imaging cannot be used to detect microscopic deposits present in the early stages of the 

disease [Siccardi 1990; Tyler 2000]. Increased sensitivity in imaging is important when 

selecting patients for appropriate treatment, because chemotherapy appears to give a
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survival benefit if it is administered when tumour deposits are small [Moertel 1994; 

Glimelius 1992].

1.4.4 Clinical Experience

Despite the initial promise of ISG its use for melanoma detection in patients has not been 

routine. Numerous studies have been published showing a wide variation in the overall 

sensitivity for melanoma métastasés, ranging from 48% [Jaffe 1988] to 98% [Santos 1995]. 

Investigations have mainly focussed on two antigens, HMW-MAA (48 studies) and p97 

(10 studies) [Kang, MD thesis 1997]. Sensitivity appears to be largely independent of the 

antigen studied.

One of the main limitations to the routine use of ISG for metastatic melanoma is non

specific accumulation of IgG (Mab) in normal organs. Binding of IgG to Fc receptors 

present on normal tissues is a factor in increasing non-specific accumulation [Herlyn 1983; 

Bucheegger 1986; Herlyn 1986]. These receptors are naturally present on macrophages 

(especially in the lungs, kidneys, and liver) as well as other cells involved in antibody 

metabolism and clearance [Carone 1979; Mizoguchi 1979; Sancho 1984]. This in turn 

results in a reduction in the tumour to normal tissue contrast achieved and the efficiency of 

imaging or therapeutic studies. In addition, this obscures the detection of métastasés 

located in those tissues [Siccardi 1990]. Non-specific accumulation would also result in 

toxicity to tissues such as the kidneys, should a toxic agent be attached to the antibody for 

the purpose of therapy.

The relatively large size of monoclonal antibodies also leads to long circulatory half-lives 

and prolonged antibody retention in the blood [Adams 1998c]. The large size of the Mab 

molecules can hinder their circulation into extravascular tumour sites and results in poor 

tumour penetration [Juweid 1992]. Clearance from normal tissues is slower especially 

blood-rich organs such as the liver, spleen, or kidneys, reducing the contrast obtained 

between tumour and normal tissue [Yokota 1992]. There is thus a considerable delay in 

reaching high tumour to normal tissue ratios of antibody concentration. Reasonable
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contrast would take 6-7 days to develop and is thus incompatible with the use of ^̂ ‘"Tc- 

labelling, with a half-life of 6 hours.

Monoclonal antibodies of murine origin elicit immune responses in human subjects 

[Rosen 1987; Schulz 1988; Van Kroonenburgh 1988]. Multiple administrations of murine 

Mabs can result in the development of human-anti-mouse antibodies (HAMA) in > 90% of 

patients. This results in the formation and deposition of immune complexes in normal 

tissues (lung, liver, spleen, kidney) [Torres 1993]. The HAMA response frequently results 

in the accelerated clearance of Mabs from the blood [Dillman 1994]. This hampers 

efficient tumour localisation and limits the number of doses that can be administered. 

Antibody fragments are less immunogenic [Reynold 1989] and the production of 

humanised Mabs and antibody fragments should eliminate this problematic HAMA 

response characteristic of murine antibodies [Clackson 1991; Winter 1994]. Antibody 

fragments have therefore formed the focal point for improving the tumour to normal tissue 

contrast in melanoma antibody localisation studies.

1.4.5 Size Modification to Improve Tumour Targeting

Antibodies can be altered in size as a means to increase tumour specificity, increase 

tumour penetration and accelerate plasma clearance [Plückthun 1997; Adams 1998a; 

Colcher 1999]. Numerous variations of the antibody molecule have been described and 

some are discussed here briefly. The whole monoclonal antibody is a large Y-shaped 

molecule of approximately 150 kDa, with two antigen-binding sites located at the tips of 

the outstretched arms (Figurel.4.5a). The stem of the Y is known as the Fc region and 

provides the effector arm of the molecule. The Fc region activates complement and is 

recognised by the Fc receptor on phagocytic cells such as neutrophils and macrophages. It 

can also bind to natural killer cells and initiate antibody-dependent cell mediated 

cytotoxicity (ADCC).

An intact immunoglobulin is comprised of four polypeptides (two heavy chain and two 

light chain molecules). Disulphide bonds link each light chain to a heavy chain, and also 

link the heavy chains together to create a flexible hinge. Each heavy chain (50 kDa) is
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composed of three constant domains and one V domain. Light chains (25-27 kDa) have 

one constant and one V domain. Within the V domains there are hypervariable loops of 

amino acids known as complementarity determining regions (CDRs) separated by 

relatively constant framework regions. There are three hypervariable loops for each V- 

domain. The pairing of heavy and light chains brings a total of six CDRs together to create 

a single hypervariable surface. This forms the antigen-binding site at the tip of the Fab 

arms. The complete antibody is shown in Figure 1.4.5a.

Figure 1.4.5a The Y-shaped Configuration of a Whole 
Antibody Molecule

Antigen Binding Sites

Variable
region

Constant 
region (Fc) H = Heavy chain 

L = Light chain

^  = Disulphide 
bonds

Pepsin digestion of whole monoclonal antibody produces F(ab')2  fragments. They consist 

of the two antigen binding fragments (Tabs) of the whole IgG molecule linked by 

disulphide bonds formed in the hinge region that connects the Fab and Fc parts of the 

antibody [Milenic 1991; Molthoff 1992]. The absence of the Ch2 and Ch3 domains 

reduces their immunogenicity and gives F(ab')2  fragments a molecular weight of 100 kDa. 

Further enzymatic digestion with papain results in smaller 50 kDa fragments consisting of
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only the Fab region of the whole molecule. This fragment retains the full antigen 

specificity of the parent and possesses only a single antigen-binding site (Figure 1.4.5b).

Figure 1.4.5b Antibody Fragments

Fab
50 kDa

IgG
150 kDa

Fv
25 kDa

ScFv 
28 kDa

Elimination of the constant regions and the insertion of a synthetic polypeptide linker 

between the C-terminus of one V-domain of the Fv fragment and the N-terminus of the 

other results in a continuous polypeptide molecule of approximately 28 kDa, called the 

single-chain Fv antibody fragment (scFv). The single stranded nature of the peptide 

facilitates production as recombinant protein and increases stability of the molecule in 

comparison to isolated F vs lacking a linker peptide [Glockshuber 1990]. Production of Fv 

fragments in useful amounts by proteolytic digestion of Mabs is difficult [Huston 1993]. 

Recent advances in recombinant technology have facilitated the production of scFvs. 

Tumour-specific scFvs can now be isolated either by selecting a combinatorial phage 

display library on a target antigen [Marks 1991] or by cloning the appropriate gene
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segments from a specific hybridoma [Huston 1988]. Figure 1.4.5b describes the 

fragmentation of the whole antibody to ultimately give the scFv fragment.

1.4.6 Antibody Fragments in Immunoscintigraphy

Reduction in background accumulation, and improved tumour targeting has been achieved 

using scFvs [Colcher 1990; Colcher 1998]. The lower molecular weight of scFvs allows 

rapid plasma clearance and improved tumour penetration, resulting in higher tumour-to- 

normal tissue ratios at early time points in vivo [Begent 1996]. The reasons for the faster 

dynamics is not clearly understood but most probably relates both to the smaller physical 

size of the molecule and to the fact that they lack the Fc portion of the antibody, which 

promotes uptake and metabolism by phagocytic cells [Holliger 1997].

The problem of immunogenicity is also reduced because immunogenic protein domains 

that are not required for antigen binding are absent. The human anti-mouse antibody 

(HAMA) response seen in 50-90% of cases with whole immunoglobulin is reduced as 

these molecules lack the highly immunogenic Fc portion [Harwood 1994; Moffat 1996]. 

This HAMA response is a direct result of using mice as the hosts to produce Mabs. The 

production of humanised scFv fragments is further expected to reduce this problem.

ScFvs show significantly lower background accumulation in blood-rich organs but high 

renal accumulation remains. The kidney is the principle organ of excretion, and the kidney 

accumulation is consistent with glomerular filtration and reabsorption of scFv in the renal 

tubules, which is a common problem with proteins of similar molecular size [Takakura 

1990]. Renal uptake does not appear to interfere with tumour imaging in patients but 

would limit the capability of detecting small tumours near the kidney [Begent 1996].

In terms of overall toxicity, scFvs are well tolerated in patients after injection. In a clinical 

trial using ^^^I-labelled scFv to carcinoembryonic antigen (CEA) no serious side effects 

were seen [Begent 1996]. One out of nine patients suffered hot flushes starting six hours 

after the injection, lasting one hour. No adverse effects were seen by Common Toxicity 

Criteria [Operation Manual, CRC 1986]. In particular there was no evidence of toxicity to
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the kidneys, liver or bone marrow, which were the tissues exposed to the highest amounts 

of activity.

1.4.7 Improving ScFv Solubility and Stability

The production of scFv as recombinant protein can result in reduced yield [Anand 1991; 

Harper 1999] and poor solubility. ScFv yields have been noted to vary greatly depending 

on the individual molecule [Deng 1994; Kipriyanov 1997; Merk 1999]. ScFvs can be 

recovered from bacterial cytoplasm, periplasm or supernatant [Plückthun 1991]. In 

addition, much of the protein may be produced in a non-native, unfolded form which is 

insoluble or does not retain the antigen-binding capability of the folded peptide. The use of 

plasmids incorporating a secretion leader allows the bacteria to export the protein into the 

supernatant in the properly folded state, though often in much reduced amounts [Harper 

1999]. Alternatively, periplasmic or intracellular non-native (unfolded) protein can be 

isolated and attempts made at refolding in vitro [Whitlow 1991; Skerra 1993; Kipriyanov

1995]. Whilst this technique can significantly increase yields, it can be a time-consuming 

and difficult process. Large-scale fermentation systems are capable of increasing scFv 

yield over 10-fold [King 1993; Carter 1997], and could thus be used to increase the 

amounts of scFv produced.

The production of recombinant scFvs produces fragments with exposed hydrophobic 

amino acid patches which may result in relatively insoluble protein [Nieba 1997]. 

Replacement of the uncovered hydrophobic patches with hydrophilic residues [Nieba 

1997] or addition of hydrophilic amino acids onto the end of the protein chain [Tan 1998] 

could improve solubility. Camelisation of scFvs using camel heavy chains (naturally 

devoid of light chains and associated hydrophobic residues) has been shown to enhance 

solubility [Riechmann 1996]. Alternative strategies of improving yield and solubility 

involve alterations to the protein sequence. These include the “rational approach” [Knappik 

1995; Nieba 1997; Jung 1997], the “evolutional approach”, where selection pressures place 

a bias towards selection for improved expression and stability [Proba 1998; Jung 1999], 

and chemical cross-linking or engineering of disulphide bonds between chains [FitzGerald

1997] to stabilise scFv fragments.
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To use recombinant molecules such as scFvs in clinical practice, one must not only 

demonstrate the efficacy of the molecule in targeting but also develop a method of 

production and purification capable of producing large amounts of stable, soluble clinical 

grade material. The problems of yield, purification and solubility are discussed further in 

Chapter 3.

1.4.8 Tackling Renal Accumulation

Renal accumulation of antibodies and small peptide molecules is largely a function of the 

kidney’s ability to filter and reabsorb peptides falling below a threshold of around 60 kDa 

in size [Rennke 1978; Silbemagl 1988]. These molecules are filtered through the 

glomerular basement membrane and then actively reabsorbed in the proximal convoluted 

tubule by pinocytosis. Under physiological conditions, little or no protein or peptide 

material is lost in the urine. Following pinocytosis, peptides within the proximal tubular 

cells are transferred to lysosomes and digested by proteolytic enzymes. The breakdown 

products (including any radiolabelled fractions) are then primarily returned to the 

bloodstream though some will be excreted in urine. Similarly, iodinated tyrosine is rapidly 

released into circulation whilst radiometal-chelated amino acids are trapped in the 

lysosomes and remain in the kidney [Duncan 1993; Duncan 1997].

High renal uptake of antibody fragments can increase their clearance, but also results in a 

reduction of their bioavailability. There are thus a number of approaches to reducing the 

amount of renal accumulation: using cationic amino acids, covalent modification of 

antibody fragments, charge alteration and pretargeting.

1.4.8.1 Cationic Amino acids

Behr et al. studied the effect of a variety of basic amino acids administered intravenously, 

intraperitoneally or orally on radiolabelled antibody fi-agment distribution [Behr 1995; 

Behr 1996]. These studies demonstrated a significant reduction in renal accumulation of 

Fab’ fi-agments in comparison to untreated controls. Furthermore, oral and intraperitoneal 

routes of administration were found to be equally effective, as were the D- and L-isomers 

of lysine. Kobayashi et al. investigated the effect of L-lysine on renal uptake of both
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and ^^"'Tc-labelled anti-Tac disulphide-stabilised Fv fragment [Kobayashi 1996]. The 

authors described a 95% reduction in renal accumulation of the radiolabel when L-lysine 

was administered with or shortly before the radioimmunoconjugate. These preceding 

studies suggest that renal accumulation of peptides can be significantly reduced by the 

coadministration of cationic amino acids. Such a reduction would be particularly useful in 

the case of scFvs whose small size makes renal reabsorption a particular problem. It has 

been shown that cationic amino acids like lysine can be used as competitive inhibitors to 

block the uptake of scFv by the proximal tubules of the kidneys. However most of these 

experiments have been carried out in animal models [Pimm 1994; Behr 1995; DePalatis 

1995; Kobayashi 1996; Lang 1997]. Extrapolating the dose of lysine to humans would 

require the administration of extremely large doses [Hamilton 2002].

1.4.8.2 Covalent Modification

The conjugation of antibody fragments with low molecular weight dextrans can increase 

the bioavailability of these fragments for tumour localization, while simultaneously 

reducing their immunogenic potential and renal accumulation problems [Fagnani 1995]. 

Unfortunately, location of the reactive groups in close proximity of the antigen-binding 

sites can reduce or abolish antigen binding [Tarburton 1990].

1.4.8.3 Altered Charge

The primary interaction of antibodies is via the antigen-binding sites. However, they can 

also interact with other structures via weak ionic bonds, increasing the propensity for the 

antibodies to be bound by charged surfaces like the glomerular membrane of the kidneys. 

The net charge on a protein molecule can therefore significantly influence its plasma 

clearance [Maack 1979; Silbemagl 1988]. Most scFvs are basic (positively charged). Cell 

surfaces are generally positively charged whilst the renal tubular basement membrane is 

negatively charged [Maack 1979; Silbemagl 1988]. Cells would, therefore, be typically 

expected to attract negatively charged molecules whilst renal tubular cells would repel 

them (thereby reducing renal reabsorption). Modification of the electric charge, resulting in 

a more negatively charged antibody would result in repulsion by the negatively charged 

cell surface, thus reducing these non-specific interactions [Khaw 1991]. This can be 

achieved by chemical modification [Tarburton 1990]. Tdtn. et al manipulated the amino acid 

content of their antibody in an attempt to produce a more negatively charged protein [Tan
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1998]. Despite the change in electrical charge they were unable to demonstrate reduced 

renal accumulation when compared to the original antibody.

1.4.9 Improving Tumour Localisation

1.4.9.1 Tumour targeting Efficiency

A number of strategies have been shown to affect the efficiency of in vivo tumour 

targeting. These include affinity, valency (avidity), kofr, and antigen expression levels 

[Adams 1999]. Other parameters that could be equally important include the mouse model 

(tumour size, site of implantation), route of antibody administration, radiolabelling method, 

in vivo stability of the radiolabel and the antibody itself, or the nature of the target antigen 

[Adams 1998c]. It is possible that more than one factor could determine the efficiency of in 

vivo tumour targeting in a complex manner. If this were the case then a single, generally 

applicable strategy for efficient tumour targeting may not exist.

1.4.9.2 Formation of Multimers

ScFvs show rapid blood clearance, excellent tumour penetration, reduced immunogenicity, 

and higher tumour-to-normal tissue ratios (except in the kidneys). However due to their 

small size and monovalency, they clear the body too rapidly to allow for sufficient tumour 

uptake and retention for imaging and therapeutic applications [Larson 1997; Pavlinkova

1999]. Multimerisation of scFvs has been explored as an approach for increasing size and 

valency, two factors which enhance tumour targeting. Higher molecular weight fragments 

exhibit extended persistence in the serum, resulting in longer availability for binding to 

tumour cells [Goel 2001]. Increased antibody valency results in an ‘avidity’ effect, leading 

to increased retention of antibody by the tumour, thereby improving tumour targeting 

[Pluckthun 1997].

Size modification has been explored by a number of strategies. Disulphide-linked scFv 

dimers (covalent dimers, (scFv')2) are manufactured by introducing cysteine residues at 

appropriate points at the Vh / V l domain interface of the construct [Glockshuber 1990; 

Shalaby 1992] or at the C-terminus [Cumber 1992; Kostelny 1992; Pack 1992; Adams 

1993; Kipriyanov 1994]. The scFvs are then expressed as dimers in eukaryotic cells
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[FitzGerald 1997; Plückthun 1997] or produced as monomer in E. coli prior to dimérisation 

in vitro [Glockshuber 1990; Cumber 1992; Kipriyanov 1994]. The dimeric molecule is 

relatively flexible, mimics the avidity of a whole monoclonal antibody yet maintains a 

small size (~56 kDa) [Adams 1993; McCartney 1995].

Other strategies include tandem linkage of two scFvs by an additional peptide linker 

[Mallender 1994, Gruber 1994], fusions of scFvs to streptavidin and leucine zippers 

[Kostelny 1992; Dubel 1995], and alteration to the length of the peptide linker [Holliger

1993]. Some of these approaches are explored and discussed further in Chapter 4.

1.4.9.3 Other Factors

The importance of scFv thermal stability for the efficiency of in vivo tumour targeting has 

been demonstrated in a recent study [Willuda 1999]. The authors showed a clear advantage 

in tumour targeting of two thermally stabilised anti-EGP-2 scFvs in comparison with its 

parent scFv in spite of virtually identical affinities. The effect of thermal stability is 

explored in Chapters 3 and 4. Several previous studies have considered the effect of 

affinity on targeting but there is still considerable debate as to the impact of affinity 

maturation [Adams 1998a; Adams 1999; Schier 1996].

1.4.10 Phage Display and the Darwinian Selection Of “Happy” Clones

Verhaar et al. were the first to suggest that scFvs isolated by phage display are superior to 

scFvs constructed from Mabs for the in vivo targeting of tumours [Verhaar 1995]. More 

recently, we have shown that light chain shuffling [Clackson 1991; Kang 1991] of a mouse 

Mab derived anti-HMA-MAA scFv can result in significant improvements of scFv yield 

and melanoma binding with retention of high melanoma specificity in vitro [Kupsch 1995]. 

This raises the possibility that changes observed during the selection of chain shuffled 

scFvs lead to the isolation of clones with different in vivo melanoma targeting properties. It 

seems that factors affecting the isolation of scFvs by phage display could have beneficial 

effects on the in vivo tumour targeting by scFvs. Apart from affinity these include avidity, 

koff, folding and thermal and proteolytic stability. In vivo studies on tumour targeting by 

affinity matured scFvs derived from Mabs and isolated by phage selection have the
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potential to provide direct evidence that phage derived scFvs can indeed be superior 

targeting vehicles.

Selective pressures during the selection of phage repertoires could lead to the predominant 

isolation of scFvs with favourable tumour targeting. This could lead to the isolation of 

“happy clones” with improved yield, stability, spontaneous scFv multimerisation and 

protease resistance, as well as the extinction of “unhappy” clones. Our large library of 

antibody fragments targeting the same epitope of HMW-MAA provided the opportunity to 

test “survival of the fittest” as a possible predictor of efficient in vivo tumour targeting. The 

success of scFvs to survive Darwinian selection indicates an advantage of an unknown but 

potentially complex nature. It seems likely that the efficiency of in vivo tumour targeting 

by antibodies is determined by similarly complex mechanisms. We speculated that 

properties of scFvs isolated under ‘survival of the fittest’ conditions could have similar 

benefits in vivo. The concept of Darwinian selection is explored in this thesis as an attempt 

to find a simple solution to this complex problem (Chapters 3 and 4). This concept, to our 

knowledge, represents the first attempt to use survival of Darwinian selection of an 

antibody phage library as a criterion to predict efficient in vivo tumour targeting.

1.5 MELANOMA THERAPY

1.5.1 Surgery

The mainstay of melanoma treatment remains surgery. Early detection and appropriate 

surgery can result in a disease-free and overall survival of over 90% at 10 years [Balch 

2001a; American Cancer Society website 2001]. The results of randomised studies allow 

us to perform less destructive surgery without compromising outcome. Elective lymph 

node dissection (ELND) has given way to less invasive sentinel lymph node biopsy 

(SLNB) for patients at high risk of nodal recurrence [Piepkom 1997].
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Cytoreductive surgery is based on the concept that only a small fraction of circulating 

tumour cells is capable of establishing métastasés at a distant visceral site [Morton 1999]. 

Most patients with melanoma have only 1-3 initial synchronous métastasés at a single 

organ site, of which 80-90% can be completely removed at surgery [Ollila 1996]. 

Resection of multiple distant métastasés has been correlated with improved long-term 

survival [Ollila 1998a; Tafra 1995]. By resecting all known metastatic sites, cytoreductive 

surgery can induce a complete remission in patients by reducing the immunosuppressive 

tumour burden and allowing the body’s immune system to recover and control the 

progression of residual occult métastasés. However, this does not address the potential 

existence of occult tumour cells at other sites or in the circulation. The extent to which 

cytoreductive surgery prolongs survival would also be dependent on the patient’s immune 

response, and therefore immune modulation using chemotherapy or immunotherapy would 

also be required.

1.5.2 Chemotherapy and Immunotherapy

Systemic (metastatic) disease has not responded well to chemotherapies. Trials are 

underway to seek novel agents or combination drugs that improve disease-free interval. 

Dacarbazine (DTIC) is the most active single agent used in patients with metastatic 

melanoma, inducing a partial response in <20% of patients and a complete response in 

<5% [Legha 1996]. Responses are usually short-lived, ranging from 3-6 months, although 

longer-term remission can occur in a limited number of patients who attain a complete 

response. Multidrug regimens containing DTIC have produced higher partial response 

rates (20-45%) and similar complete response rates, but none have proven superior to 

DTIC alone [Legha 1989; McClay 1992; Legha 1996].

Immunotherapy with interferon has been at the forefront of research. To date, the survival 

benefits of only the high-dose IFN regimen have been shown [Kirkwood 2000], but results 

from other similar studies remain inconsistent. Given the modest benefit to patients at the 

cost of considerable toxicity and expense, other treatment options must be considered. 

Combining chemotherapy with interferon may produce beneficial effects against advanced 

melanoma by increasing the likelihood of response to treatment i.e. tumour shrinkage
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(Table 1.5.2). However this has so far failed to improve overall survival, and the toxicities 

associated with these regimens remain severe and significant [Keilholz 1997; Johnston 

1998; Keilholz 1998; Keilholz 2000a; Keilholz 2000b].

Table 1.5.2 Survival of Patients with Advanced Melanoma

EORTC

REPORT

TREATMENT RESPONSE RATE

SURVIVAL RATE 

2 YRS 5 YRS

IL-2 only 14.9% 12% 4%

IL-2 + chemo 23.0% 13% 8%

IL-2 + IFNa 20.8% 24% 14%

IL-2 + chemo + IFNa 44.8% 22% 12%

EORTC Report of melanoma patients treated with high-dose IL-2 alone or in combination 
with IFNa and/or chemotherapy (chemo) [Keilholz 1998; EORTC website 2002].

1.5.3 Radiotherapy

Melanoma is a relatively radio-resistant tumour. However palliative radiation may alleviate 

symptoms in some patients. Radiotherapy may also be the treatment of choice for patients 

who are not surgical candidates, either because of their lesions’ size/location or other 

physical limitations. Retrospective studies have shown that patients with multiple brain 

métastasés, bone métastasés, and spinal cord compression may achieve symptom relief and 

some shrinkage of the tumour with radiation therapy [Rate 1988; Herbert 1991]. The most 

effective dose-ffactionation schedule for palliation of melanoma metastasis to bone or 

spinal cord is unknown, but high-dose-per-ffactionation schedules are sometimes used to 

overcome tumour resistance.
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1.5.4 Vaccines

The poor response to chemotherapy and the toxicity associated with biologic therapy have 

directed treatment towards forms of immunotherapy with fewer side effects. Melanoma is 

the most immunogenic solid tumour making it an ideal target for specific immunotherapy 

[Herlyn 1988]. Laboratory studies show that blood from melanoma patients contains 

antibodies against tumour antigens [Morton 1968; Morton 1970] as well as cytotoxic T- 

lymphocytes that can destroy melanoma cells in vitro [Mukheiji 1990]. Between 3-15% of 

all cutaneous melanoma are first diagnosed as lymphatic or visceral métastasés without 

evidence of a primary tumour, suggesting that the immune system may have induced 

complete regression of the primary lesion [Morton 1991].

Experience with vaccines in melanoma is limited to early clinical trials. Several phase II 

trials have shown enhanced disease-free and overall survival of patients who develop a 

humoral and/or cellular response to a melanoma vaccine. This has not been shown for 

phase III trials [Ollila 1998b]. Two randomised immunotherapy trials with tumour cell- 

based vaccines failed to show a significant impact on disease-free survival (DFS) or 

overall survival (OS) [Eggermont 2000].

Livingston has studied vaccines for therapy of melanoma based on Gangliosides derived 

from bovine brain [Livingston 1994]. These gangliosides, which characterise melanoma, 

differ from those of normal melanocytes and have limited expression on most normal 

tissues. They are over-expressed on melanoma cells and thus can be used in a vaccine in an 

effort to stimulate an immune response to melanoma. Yet randomised trials have only been 

able to show a borderline prolongation of the relapse-ffee survival [Livingston 1994].

Despite poor early results melanoma vaccines are an exciting area of research, and 

effective agents may soon be forthcoming. Early results combining cytoreductive surgery 

with CancerVax vaccine (against melanoma) appear to show a survival benefit when 

compared to patients undergoing surgery alone or surgery plus alternative adjuvant therapy 

[Morton 1993b; Jones 1996; Morton 1996; Hsueh 1998]. Resection of visible tumour 

masses is required to remove the cells producing immunosuppressive factors, thereby 

allowing the vaccine to be effective. This suggests that for treatment of solid neoplasms a
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combined modality approach to metastatic disease may be the best option. However, more 

research is needed for the detection and treatment of occult métastasés.

1.5.5 Monoclonal Antibodies and Antibody Fragments in Melanoma Therapy

Antibodies can selectively target tumour cells in patients, and a number of Mabs are 

currently involved in advanced clinical trials [Press 1995; Kaminski 1993], whilst some 

have been approved for use in cancer therapy [Anderson 1997]. Anti-melanoma Mabs have 

been administered to patients resulting in melanoma regression in some cases [Dillman

1994]. Antibodies directed against the p97 antigen or the gp240 glycoprotein antigen 

produced no objective tumour responses. Four of the twenty-one patients treated with the 

anti-GD3 Mab, R24, had objective responses at a variety of dose levels in a phase I trial. 

Toxicity included pruritis and urticaria. Subsequent studies combined this antibody with 

IFN-a and with IL-2 but without any demonstrable improvement in response rate. 

Mittleman et al used antiidiotype antibodies that mirror the gp240 glycoprotein antigen and 

demonstrated the induction of endogenous human anti-gp240 antibodies and some tumour 

responses [Mittelman 1990].

Problems associated with the use of Mabs have been highlighted above. ScFvs provide 

improved tumour localisation because of greater tumour penetration [Owens 1994]. 

Bi specific scFvs are recombinant fragments engineered to have a dual function, such that 

one arm of the scFv recognises the tumour whilst the other arm recognises either an 

effector cell or a toxic molecule. A number of studies have demonstrated the ability of 

bispeciflc fragments to accurate localise to tumours and result in tumour destruction 

[Holliger 1996; Holliger 1997].

We have already developed a number of scFvs for the purpose of imaging. Antibody 

fragments can be engineered to be bispeciflc, binding not only melanoma antigens, but also 

other components of the immune system including immunoglobulins, and in turn 

complement proteins and FcR-expressing lymphocytes. Activation of the immune system 

in this manner serves to retarget these cells to melanoma thus killing them. Because they 

can be humanised and genetically modified, bispeciflc scFvs are potentially powerful tools
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for cancer therapy. They could be used for passive and active immunotherapy of melanoma 

patients, and would serve as a means to eliminate residual micro-metastasis post-surgery. 

They could also serve to prevent recurrence of melanoma.

1.6 CONCLUSIONS

Melanoma is a multifaceted disease with a poor outcome in advanced stages. Melanoma 

antibodies could provide the key to one-step diagnosis, imaging, staging and treatment of 

this disease. The potential superiority of scFvs over whole monoclonal antibodies has been 

explored, and results from early clinical trials are extremely encouraging. The ability to 

produce stable antibody fragments with excellent tumour targeting, and little background 

accumulation could yield a potentially powerful therapeutic tool, taking us a step closer to 

the magic bullet for melanoma.

1.7 AIMS

Pre-clinical Aims

• To investigate conditions required for optimal scFv production, stability and 

solubility

• To chemically modify pre-existing scFvs in an attempt to make multimers as a 

strategy for improving tumour targeting and reducing renal accumulation

• To study a chemically modified scFv designed for melanoma therapy and 

characterise this clone in vivo

• To study the antigen expression of HMW-MAA on benign and malignant 

melanocytic lesions
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Clinical Aim

• To prepare a clinical trial for the use of the most successful scFv fragment in 

radioimaging patients with melanoma

Hypotheses

1. ScFv stability is dependant on storage temperature and storage buffer

2. The Darwinian approach to evolution allows the selection of stable molecules with 

increased yield, improved solubility and a tendency to multivalency, resulting in 

improved tumour targeting.

3. Bispecific scFvs can be used for serum immunoglobulin redirection to melanoma.

4. HMW-MAA expression can be used for the diagnosis of cutaneous melanoma and 

is a potential indicator of prognosis.

Experimental Plan

For the first hypothesis, a number of scFvs were stored in IMAC elution buffer and in PBS, 

at varying temperatures. Melanoma binding as well as scFv concentration was tested on a 

weekly basis for eight weeks. For the second hypothesis a series of new scFvs based on the 

parent Mab LHM2 was developed by means of molecular biology techniques. Antibody 

expression, production and stability were examined. Attempts were made to produce 

multimeric scFvs by genetic means and these were compared to naturally occurring 

multimers. Each of the novel scFv series was characterised in vitro and then studied in vivo 

after radiolabelling using iodine-125. Pharmacokinetics and biodistribution were studied in 

a nude mouse model with human melanoma xenografts and the targeting efficiency of the 

various molecules examined. For the third hypothesis a bispecific scFv fragment (R3ZZ) 

was constructed from one of these scFvs for the purpose of serum IgG retargeting and 

melanoma therapy, and its in vivo and in vitro behaviour was explored. For the fourth 

hypothesis, HMW-MAA expression in paraffin-embedded sections was studied on a range 

of benign and malignant melanocytic lesions, to determine whether this antigen has a role 

as a marker of tumour progression or tumour prognosis in cutaneous melanoma. These 

lesions were stained with LHM2 Mab (against HMW-MAA) and the expression compared 

with that of the SI 00 antigen.
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2. MATERIALS AND METHODS
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2.1 BACKGROUND

Antibodies used in this thesis: LHM2 Mab, RAFT3 scFv, B4 scFv, B4cys(or) scFv, 3A11 

scFv, 3A lleys scFv, 3C4 scFv, 4A4 scFv, R3ZZ scFv (See Table 2.1)

• LHM2 (London Hospital Medical College clone 2) Mab was designed and 

constructed by Prof I. Leigh (The Royal London Hospital) and gifted to RAFT.

• From this, a human-mouse chimeric library was designed and constructed by Dr 

Jorg Kupsch. Further scFvs were developed using antibody phage display by Dr 

Jorg Kupsch (Chapter 3).

•  A number of scFvs selected by phage display seemed to evolve whilst others 

became extinct. The stability of these scFvs was studied in Chapter 3. Their ability 

to form spontaneous multimers was studied in Chapter 4.

• Some of the phage-selected scFvs were chemically modified by Dr Jorg Kupsch 

and myself to produce multimers (B4cys(or) and 3A1 leys scFvs, Chapter 4).

• One of the phage-selected scFvs RAFT3 was chemically modified by Dr Jorg 

Kupsch to produce R3ZZ, a Staphylococcal A fusion molecule, for therapeutic 

purposes. This was characterised in vitro and in vivo in Chapter 5.

• Finally, LHM2 Mab was used for immunohistochemistry to study HMW-MAA 

expression in benign and malignant melanocytic lesions (Chapter 6).

Whilst the scFvs were designed and constructed by Dr Jorg Kupsch, all in vitro and in vivo 

experiments were conducted by myself unless otherwise stated. Where the data or 

experiments are from others sources the appropriate acknowledgements are given.
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Table 2.1 Antibodies Used in This Thesis

Antibodies MW (kDa) Background Uses

LHM2 Mab 150 Parent (murine) Mab Immunohistochemistry

RAFTS scFv 28 Round 2 phage-selected scFv

Imaging

B4 scFv 28 Binds different HMW-MAA epitope to RAFT3

B4cys(or) scFv 56 Chemically modified scFv (dimer)

3A11 scFv 28 Round 3 phage-selected scFv

SA llcys scFv 56 Chemically modified scFv (dimer)

3C4 scFv 28 Round 3 phage-selected scFv

4A4 scFv 28, 56, 84 Round 4 phage-selected scFv (multimer)

R3ZZ scFv 4 2 -4 6 RAFT3 scFv fused to Staphylococcal protein A Therapy

2.2 MOLECULAR BIOLOGY TECHNIQUES

Unless otherwise specified, all "standard methods", "established techniques" or "standard 

formulations" referred to in sections 2.2 and 2.3 were obtained from "Molecular Cloning: 

A Laboratory Manual" [Sambrook 1989]. Unless otherwise specified, all "standard 

methods", "established techniques" or "standard formulations" referred to in subsequent 

sections were obtained from "Antibodies: A Laboratory Manual" [Harlow, 1988].

2.2.1 Plasmid Preparation

The Wizard-Miniprep'’'^ system (Promega) was used for preparation of small amounts of 

DNA used for analysis of clones. Approximately 1.5 ml of an overnight culture of bacteria 

was spun down at 13000 rpm (microcentrifuge, 1 min, RT). The cell pellet was
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resuspended in 200 pi of a buffered glucose solution. The cells were then lysed with 200 pi 

of NaOH and SDS solution. The solution was neutralised with a potassium acetate buffer. 

The neutralised suspension was centrifuged to remove cell debris, leaving a clear 

supernatant containing the plasmid DNA. The supernatant was mixed with a DNA binding 

resin and loaded onto a 2 ml mini-column and suction applied using a vacuum manifold. 

The resin was washed with 2 ml of column wash solution containing Tris-buffer and 58% 

ethanol. The DNA was eluted by adding 50pl of distilled H2 O to the minicolumn and 

heating the column to 65°C in a static heating block. The DNA was released from the resin 

and recovered by placing the minicolumn in a microcentrifuge tube and centrifuging at 

13000 rpm (Imin, RT).

The resuspension buffer for plasmid extraction was composed of 5 ml of 1 M D-glucose +

2.5 ml of 1 M Tris-HCl + 2.0 ml of 0.5 M EDTA made up to 100 ml with 90.5 ml of 

distilled H2O. Cell lysis buffer for extraction of plasmid DNA was composed of 2 ml of 5 

M NaOH + 5 ml of 10% SDS + 43 ml of distilled H2O. The lysate was neutralised with a 

buffered solution composed of 29.5 g potassium acetate in 50 ml of distilled H2O adjusted 

to pH 4.8 with glacial acetic acid and then adjusted to 100 ml final volume with distilled 

H2 O.

2.2.2 Purification of Plasmids and DNA Fragments

Plasmid and DNA samples from restriction digest or PGR reactions were purified using 

agarose gel separation and Wizard PGR DNA Purification Resin (Promega). Protein in the 

sample was denatured by heating to 68°G for 10 minutes in a heating block. The DNA 

sample was loaded on a 0.8% or 1.5% gel in Ix TAE buffer and separated at lOOV for 30 

min. The band of interest was identified using ultra violet light and cut out of the gel. The 

gel fragment was then heated in 1 ml DNA Purification Resin at 65°G until melted and the 

DNA recovered as per the manufacturer's protocol. The purity and yield of DNA was then 

confirmed by loading a small sample on a further TAE gel and running as above.
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2.2.3 Polymerase Chain Reaction (PCR)

Polymerase chain reactions were carried out according to established techniques 

(Molecular Cloning: A Laboratory Manual 1989). Appropriate 3' and 5’ primers were 

designed and obtained from Gibco BRL at 100 pM concentration and diluted to 10 pM

before use. A 12.5 pM dNTP stock was prepared from stocks of the constituent nucleotides

(Boeringer Mannheim). A master "PCR mix" was produced containing:

100 pi 1 Ox DyNAzyme polymerase buffer (Finnzymes)

160 pi dNTP stock

50 pi DMSO (Sigma Aldrich)

480 pi dH20

The master stock solution was stored at -20°C. PCR was carried out using 10 pi 5’ and 3’ 

primer (10 pM), 79 pi "PCR mix", 1 pi of template DNA and 1.25 DyNAzyme 

(Finnzymes). Two drops of mineral oil (Sigma Aldrich) were placed on the top of the 

solution to prevent evaporation during thermocycling. All PCR reactions were carried out 

in a static thermoblock (Biometra) using the following cycle:

Step 1 

Step 2 

Step 3 

Step 4 

Step 5 

Step 6  

Step 7 

Step 8  

End

1 min

1 min

2  min

3 min

1 min

2  min

3 min 

5 min 

(Hold 4°C)

9 4T

94°C

55"'C

72"'C

94°C

4 5T

72"'C

7 2T

Repeated 10 times, then

Repeated 26 times, then
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2.2.4 Restriction Digests

Restriction digests were carried out according to standard methods, using appropriate 

buffers (Boeringer Mannheim) and restriction enzymes. These buffers and enzymes were 

added to solutions of plasmid DNA or PCR fragments prepared in distilled H2 O. Reactions 

were carried out at temperatures appropriate for the particular enzyme until complete 

digestion was demonstrated on a TAE gel. The reaction was terminated by heating to 6 8 °C 

for 1 0  min.

2.2.5 Ligation of DNA Fragments

Ligation of DNA fragments was carried out according to standard methods. Fragments for 

ligation were made up to a maximum volume of 10 p,l of which 1 pi (5 units) was DNA 

ligase (Boehringer Mannheim) and 1 pi was lOx ligase buffer (Boehringer Mannheim). 

The ligation mixture was incubated at 15°C overnight in a water bath.

2.2.6 Bacterial Culture Media and Agar Plates

Luria Broth base (GibcoBRL) was used for all bacterial culture. 25 g of broth base was 

added per litre of distilled H2O and autoclaved at 15 psi, 120°C for >20min before use. 

Agar plates were prepared using 17 g of Luria Agar (GibcoBRL) per litre of distilled H2O. 

The agar was sterilised in the same manner as the broth above. The agar was melted in a 

conventional microwave oven and cooled to ~60°C in a water bath before adding glucose, 

isopropyl thio-galactoside (IPTG) or antibiotic where appropriate and poured immediately. 

The plates were allowed to set and stored at 4°C for up to 2 weeks. Before use, the plates 

were dried at 37°C for one hour.
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2.2.7 Bacterial Transformation

Transformation of bacteria with subcloned plasmids was carried out according to 

established techniques. Electrocompetent E. coli cells (gift of Mrs N. Patel, RAFT 

Institute, Northwood) stored at -80°C were thawed slowly on ice. 1-2 pg of scFv plasmid 

in a volume of 2  pi dH2 0  was added to the thawed cells in a sterile microcentrifuge tube 

and allowed to sit on ice for 5 minutes. The solution was then transferred to a 2 mm 

electroporation cuvette (Invitrogen) and pulsed using an electroporation device (BioRad) at 

2500 V, 201 Q, 25 pF for 5 ms. 1 ml of SOC medium (GibcoBRL) was added immediately 

and the bacterial suspension incubated in a 37°C shaker (250 rpm) for 1 hour. The 

suspension was then spread at various dilutions on Luria agar plates containing 2% 

dextrose and the appropriate selection marker (e.g. ampicillin) and incubated overnight at 

30°C (37°C for E. coli Origami'^'^; see Chapter 5.5.2.1). Bacterial colonies were counted 

the following morning. Transformation of E. coli Origami™ is described in Chapter 5.

2.2.8 Electrophoresis Buffers & Agarose Gels

All DNA electrophoresis was carried out in TAE buffer following standard methods. All 

agarose gels were run in Ix TAE buffer made from a 50x concentration stock solution 

made as Tris base (242 g/1) (BDH), 100 ml of 0.5 M EDTA (BDH) pH 8.0 + 600 ml 

distilled H2O. The pH was adjusted to pH 7.7 with glacial acetic acid ((BDH) approx. 50- 

100 ml) and the volume adjusted to 1 1 with more distilled H2 O. A standard 1% agarose 

electrophoresis gel was made as 1.0 g agarose powder (Gibco) in 100 ml Ix TAE buffer + 

5 pi ethidium bromide (10 mg/ml Gibco). The components were heated in a microwave 

oven to melt the agarose and poured into a mould.

2.2.9 Colony Lift

Suitable plates for colony lifting were identified as those with the highest colony titre 

where discrete colonies could still be easily identified. Plates with 50-200 colonies were 

used for lifts. Fresh LB-agar plates containing 10 pi ampicillin (100 mg/ml) and 100 pi
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IPTG (1 mM) per 10ml were used. Circular nitrocellulose filter paper (Hybond™ 

Amersham International) was marked with a ballpoint pen, and placed on the bacteria with 

blunt forceps. The agar plate was marked for orientation. The filter paper was removed and 

placed unto the IPTG plate, easing out air bubbles between the filter paper and plate. The 

IPTG plate was incubated at 30°C overnight. The original plate was left on the bench 

overnight to allow regeneration of bacteria before storage at 4°C.

The following morning colonies were visible on the transferred filter which was then 

removed for colony lysis and staining. Five pieces of Whatman™ 3 MM filter paper filter 

labelled 1-5 were wet with the following solutions and the colony lifts placed colony-side 

up onto them:

1)10 minutes 10% SDS

2) 5 minutes fresh denaturing solution

(25 ml IM NaOH, 15 ml 5M NaCl, 10 ml water)

3) 5 minutes fresh neutralisation solution

(25 ml Tris/HCl pH 7.5, 15 ml 5M NaCl, 10 ml water)

4) 5 minutes neutralisation solution

5) 15 minutes 2x SSC

Lifts were transferred to 10 cm dishes colony-side up, and blocked with 3% skimmed milk 

for 2 hours. The milk sticks to the colonies which became shiny. All bacteria were rubbed 

off under running water until nothing shiny was left on filters. The filters were blocked 

further with 3% skimmed milk for another 2 hours (overnight was preferable). The filters 

were then washed with tap water. 9E10 hybridoma supernatant (Section 2.5.4) was added 

overnight at room temperature.

The following morning the lifts were stained like a Western blot (Section 2.4.4). The filters 

were developed until sufficient darkening of the background allowed visualisation of white 

(negative) colonies (see Fig 2.2).
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Figure 2.2 Colony Lift

Positive
Colonies

Negative
Colonies

Colony lift onto circular nitrocellulose filter paper 
(Hybond’’̂  Amersham International), showing the presence 
o f positive (blue dots) and negative (white dots) colonies.

2.2.10 Technique of Bacterial Culture

All transformed bacteria were stored as glycerol stocks at -80°C (500 pi bacterial culture 

with 500 pi sterile glycerol (BDH)). All scFvs were isolated as secreted proteins in 

bacterial supernatants. For bacterial cultures, a sterile pipette tip was dipped into the 

glycerol stocks. The pipette tip was ejected into a 50 ml polypropylene tube containing 10 

ml of LB medium + 100 pg/ml ampicillin (Boeringer Mannheim) + 2% D-glucose (LBqa) 

for large-scale cultures (1.5 ml LBqa for small scale cultures). The inoculated culture was 

placed overnight in a rotary shaker at 30°C (37°C for Origami bacteria, see Chapter

5.5.2.1) and 250 rpm. Temperatures above 30°C resulted in poor bacterial growth and scFv 

expression (with the exception of E. coli Origami™ bacteria).

Overnight cultures were diluted 1 / 1 0 0  in the morning in L B q a  and shaken at 250 rpm for 6  

hours at 30°C (37°C for E. coli Origami strains) to an ODôoo of approximately 1.5. For 

small-scale inductions a volume of 1.5 ml was used and for large-scale inductions a 1 L
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culture was produced from a 10 ml overnight culture. For induction of scFv expression, all 

bacteria were cultured in LB medium + ampicillin (100 pg /ml) without D-glucose + 

isopropyl-thio-galactoside (IPTG) (LBia). Optimum conditions for induction of individual 

scFvs in large-scale and small-scale bacterial culture have been determined empirically 

[Kang, MD Thesis 1997; Gundogdu unpublished]. This involved the use of IPTG at 

different concentrations.

At 6  hours, the cells were spun down and the supernatant poured off. For small-scale 

inductions, the bacteria were resuspended in 1.5 ml LB containing 100 pg/ml ampicillin 

and 500 pM IPTG. For large-scale inductions, the bacteria were resuspended in 1 L of LB 

containing 100 pg/ml ampicillin and 100 pM IPTG. A 2.5 L baffled flask containing 1 L of 

broth was used. Cultures were then shaken overnight (for 16-18 hours) at 30°C and 250 

rpm. Small-scale induction supernatants were analysed without purification after pelleting 

the bacteria at 13000 rpm for 5 minutes in a bench-top centrifuge. Large-scale inductions 

required purification before further use.

2.3 PROTEIN PURIFICATION TECHNIQUES

2.3.1 Storage of Bacterial Clones

All bacterial clones were stored at -80°C as glycerol stocks. 500 pi of an overnight 

bacterial culture was mixed with 500 pi of sterile glycerol, vortexed briefly to mix, then 

stored in a Cryovial™ (Nalgene) at -80°C.
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2.3.2 Preparation of Bacterial Supernatants

All the scFv were purified from bacterial supernatants. After a standard induction (section 

2.2.10), the cultures were centrifuged at 9000 g (Beckman centrifuge, JLA 10-500 rotor) 

for 40 minutes at 4°C and the supernatant filtered (0.2 pm filter - Nalgene). Sodium azide 

(NaNs 0.05%) a bacteriostatic agent was added to the bacterial supernatant. 200 pM 

phenyl-methyl-sulphonyl-fluoride (PMSF) was also added to reduce proteolysis. All 

supernatants were then concentrated before use (section 2.3.3).

2.3.3 Protein Concentration

In order to improve the recovery of scFv from the supernatant ultrafiltration was used to 

reduce the volume of the supernatants. Ultrafiltration was achieved using a Mini- 

Ultrasette™ tangential flow device (Filtron) with a 10 kDa molecular weight cut-off to 

prevent loss of scFv through the membrane. The Mini-Ultrasette^^ filter was set up and 

used according to the manufacturers instructions. Using this system the bacterial 

supernatant was concentrated to a volume of 100 - 200 mis. All concentrated supernatants 

were filtered (0.2 pm filter, Dow-Coming) and then dialysed against 2 litres of PBS pH 7,5 

overnight at 4°C before use. The ultrafiltrate was tested by Western blot analysis to ensure 

no scFv was lost during the process.

2.3.4 Biologic LP Platform for Column Chromatography

All liquid chromatography was carried out using a Biologic LP Chromatography 

Platform™ (Bio-Rad). This equipment included a programmable peristaltic pump and 

fraction collector, conductivity and UV absorbance meters and an electronic mixer valve 

for accurate proportioning of reagents. All purifications were carried out at room 

temperature.
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2.3.5 Purification of all scFvs (except R3ZZ) by Immobilised Metal-ion Affinity 

Chromatography (IMAC)

A poly-histidine oligopeptide ( 6  histidine residues) has a high affinity for certain metal 

ions including Zn^^, Cu^^, and Ni^^. Proteins incorporating a poly-histidine sequence can 

therefore be affinity purified by selective binding to metal ions immobilised on a solid 

medium (IMAC). The development of High-trap Chelating Sepharose Columns (His-trap, 

Amersham Pharmacia Biotech) able to chelate metal ions has enabled the purification of 

numerous proteins including scFv, in a column system based on this principle [Casey 

1995].

One to four pre-packed His-trap columns arranged in tandem were used according to 

manufacturers instructions and washed with distilled H2O to remove storage buffer. 1 ml of 

0.1 M CUSO4 (BDH) in distilled H2 O was loaded onto one of the columns at 1 ml/min. The 

column was washed with 5 ml distilled H2O to remove unbound Cu^^ This column was 

then reconnected to up to three other His-trap columns.

0.5 M sodium chloride and 0.01 M imidazole were added to the dialysed and concentrated 

supernatants in PBS to reduce non-specific binding of protein to the gel. The supernatants 

(« 100 -  200 ml) were loaded onto the column at 2.0 ml/min. The column was washed 

with a further 10 ml of start buffer to remove any unbound protein. Competitive elution 

was then carried out with a stepped gradient of imidazole (Sigma Aldrich) in PBS at 2 

ml/min. Twenty ml of 30 mM, 50 mM and 200 mM imidazole in PBS (+ 0.5 M NaCl, pH

7.5) were used. Fractions containing scFv, as determined by Western blot were pooled (» 

20 mis), concentrated using a Vivascience centrifugal concentrator to « 1 ml, before 

analysis by SDS-PAGE (see section 2.4.2) and Western blot (see section 2.4.3). To 

regenerate the column, Cu^^was stripped from the column with 30 ml 0.1 M EDTA in PBS 

at 2 ml/min. The column was washed with 60 mis distilled H2O at 2 ml/min. The column 

was then washed with 20 ml of 20% ethanol and stored at 4°C, ready for re-use.
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2.3.6 Purification of R3ZZ scFv by IgG sepharose column

The concentrated filtered scFv supernatant was loaded onto a human IgG sepharose 

column (pre-washed with PBS/0.02% Na azide) at 0.5 mls/min. The supernatant was 

collected and stored at 4°C for further tests. The column was washed with 5-10 column 

volumes (50-100 ml) of PBS pH 7.2 to remove any unbound scFv. ScFv was eluted from 

the column with 20 ml 0.1 M Glycine pH 2.3, collected in 1 ml aliquots, and neutralised 

with 1 M Tris base. The column was washed with PBS/0.02% Na azide and stored at 4°C. 

Aliquots of scFv were assayed by SDS-PAGE and Western blot under reducing conditions 

to establish the fractions containing scFv and confirm its purity (Section 2.4).

2.3.7 Analysis of scFvs by Gel Filtration

The monomeric or multimeric nature of the scFv constructs was investigated using low- 

pressure gel filtration. A pre-packed HiPrep™ Sephacryl-200HR column (Amersham 

Pharmacia Biotech) was equilibrated using 2 column volumes of PBS as per the 

manufacturer’s instructions. The column was then calibrated using 250 pg protein 

standards of varying molecular weight (albumin 67 kDa, ovalbumin 43 kDa, 

chymotrypsinogen 25 kDa, and ribonuclease 13.7 kDa; Amersham Pharmacia Biotech). 

250 pg of each protein was pooled in a 1 ml PBS sample and loaded onto the column at 0.5 

ml/min using PBS as running buffer. Three identical calibrations were carried out and the 

filtration profile recorded on a chart recorder linked to a UV absorbance sensor. The four 

peaks corresponding to the proteins were identified and the elution volumes (Vg) 

calculated. The void volume was determined using Dextran blue 2000 (Amersham 

Pharmacia Biotech). A standard curve was generated using the means of the calibration 

runs and this curve used to estimate the molecular weight of the scFv. 100 pg of scFv was 

loaded onto the column in 1 ml of PBS at 0.5 ml/min and 120 x l ml fractions collected. 

These fractions were tested by direct ELISA to determine the volumes corresponding to 

the molecular weight of monomeric, dimeric, and trimeric scFv. These samples were then 

subjected to Western blot analysis.
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2.4 SDS-PAGE AND WESTERN BLOT ANALYSIS

2.4.1 Gels

All protein separation was carried out using a 12% Sodium Dodecyl Sulphate- 

Poly acrylamide Gel (SDS-PAGE) with a 4% stacking layer, prepared from a 30% 

acrylamide solution (Boehringer Mannheim) according to standard methods, unless 

otherwise stated (see table 2.4).

Table 2.4 Formulation of SDS-PAGE Gels

Stacking gel Separating gel

4% 12% 15%

Acrylamide/Bis (30%) 1.3 ml 4.0 ml 5.0 ml

Distilled H2O 6.1 ml 3.4 ml 2.4 ml

3.0 M Tris-HCl, pH 8.8 0.0 ml 2.5 ml 2.5 ml

0.5 M Tris-HCl, pH 6.8 2.5 ml 0.0 ml 0.0 ml

10% SDS 100 pi 100 pi 100 pi

Ammonium persulphate (100 mg/ml) 50 pi 50 pi 50 pi

TEMED 10 pi 10 pi 10 pi

TOTAL VOLUME 10 ml 10 ml 10 ml

2.4.2 Buffers

All buffers used for Western blot and SDS-PAGE analysis followed standard formulations. 

All electrophoresis was carried out in Ix concentration electrophoresis running buffer 

made up from a 5x concentration stock solution (25 mM Tris base (3 g/1), 192 mM glycine 

(14.4 g/1), 0.1% SDS (1.0 g/1) and 1 litre of distilled H2O). Transfer of protein to 

nitrocellulose for Western blot was achieved in Ix concentration transfer buffer (25 mM 

Tris base (3.03 g/1), 192 mM glycine (14.4 g/1), 20% methanol (200 ml/1) and 800 ml of

67



Materials and Methods

distilled H2O). Blocking buffer for nitrocellulose filters was made from skimmed milk 

(Marvel™ supplied by Tesco supermarkets) made as 15 g of skimmed milk (3%) + 2.5 ml 

of 10% NaN3 + 50 ml of lOx PBS stock + 447.5 ml of distilled H2 O. Antibodies used to 

stain the nitrocellulose were made up in incubation buffer composed of 6.6 ml of 3% BSA 

(bovine serum albumin) + 10 ml of 10% Tween-20 + 100 ml of 1 Ox PBS + 883 ml of 

distilled H2O. The 5x sample buffer was composed of 1.0 ml of Tris HCl pH 6.8, 1% 

glycerol, 2% SDS, 0.05% bromophenol blue with or without a reducing agent 

(dithiothreitol (DTT) or p-mercaptoethanol).

2.4.3 SDS-PAGE Analysis

The method employed for SDS-PAGE analysis of protein was as previously published 

(Molecular Cloning, A Laboratory Manual, 1989). Protein samples were prepared in 1.5 ml 

microcentrifuge tubes. Volumes of 20 pi of sample were mixed with 5 pi of 5x sample 

buffer ± reducing agent and heated to 95°C for 3 minutes. The samples (total volume 25 

pi) were loaded onto the gel. The Mini-Protean III™ gel electrophoresis system (BioRad) 

was used for all experiments. Protein separation was achieved by electrophoresis at 250 

volts for approximately 30 minutes.

A protein stain was prepared according to published methods. Approximately 1 g of 

Coomassie brilliant blue dye (Pierce) was dissolved in 200 ml 10% glacial acetic acid, 

45% methanol and 45% dH20 (20 ml: 90 ml: 90 ml respectively). The gel was allowed to 

stain for approximately 15 to 20 minutes and then de-stained in the same mixture of acetic 

acid, methanol and water without Coomassie dye for approximately 24 hours.

Kaleidoscope protein standards^^ (BioRad) or Precision protein standards™ (BioRad) 

were used in all experiments to show relative molecular weights unless otherwise 

indicated. SDS-PAGE was used to quantify the yield of scFv at all stages of purification. A 

quantitative assessment of the protein loaded was obtained using standard ovalbumin 

(Sigma Aldrich) samples. Three standard solutions were made: Ipg, 3pg and 5pg in 20 pi 

of distilled H2O.
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2.4.4 Western-blot Analysis

Western blot analysis of proteins was carried out according to standard methods. Protein 

samples and gels were prepared as for SDS-PAGE analysis and electrophoresis was carried 

out using the Mini-Protean^'^ III system (BioRad) at 250 volts for 30 minutes. Transfer of 

the separated proteins onto nitrocellulose membrane (Hybond^'^ Amersham International) 

was achieved using a semi-dry electroblotting unit (Z34,050-2 Sigma-Aldrich). Six pieces 

of Whatman™ 3 MM filter paper measuring 7 x 9 cm were soaked in transfer buffer. Three 

pieces of pre-soaked filter paper were placed on the bottom (anode) plate of the blotting 

unit, followed by the nitrocellulose membrane. The gel was placed onto the nitrocellulose 

membrane and then a further three pieces of filter paper were placed on top of this (Figure

2.4.4). A roller was used to gently ease out any air bubbles from between the papers. The 

top (cathode) electrode plate was placed on top of the stack, closing the blotting unit. 

Transfer was achieved at 100 V and 200 mA for 1 hour.

The nitrocellulose membrane was placed in blocking buffer with NaN] and left on a shaker 

overnight at room temperature. After blocking, the nitrocellulose membrane was washed 

briefly with PBS containing 0.05% Tween (PBS-Tween). Detection of all scFvs possessing 

c-myc sequences was achieved with the anti-c-myc monoclonal antibody 9E10 (section

2.5.4). Rabbit anti-human kappa light chain' '̂'  ̂(Sigma-Aldrich) antibody was used to detect 

kappa light chains and Tetra-His Mouse IgG™ (Quagen) was used to detect the histidine 

(His-6) tail. The antibodies were applied to the nitrocellulose membrane as a hybridoma 

supernatant (9E10) or in a 1:1000 dilution in incubation buffer for 4 - 16 hours at room 

temperature.

The nitrocellulose membrane was washed in PBS-Tween and then rabbit anti-mouse Fc- 

specific AP conjugate (Sigma-Aldrich) at 1:1000 dilution in incubation buffer was applied 

at room temperature for 1 hour. Rabbit anti-mouse Fc-specific conjugate was used for most 

experiments unless otherwise stated. The nitrocellulose membrane was washed again in 

PBS-Tween. The alkaline phosphatase conjugate substrate (BioRad) was prepared from 

two components, which were applied to the nitrocellulose membrane, and the colour 

change allowed to proceed. The reaction was terminated by washing the nitrocellulose 

membrane in tap water.

69



Materials and Methods

Figure 2.4.4 Semi-Dry Western Blotting Unit

Cathode

Gel
Filter Paper 

3 pieces thick Nitrocellulose
Membrane

Anode

Semi-dry blotter used for Western transfer

2.5 TISSUE CULTURE

All cell lines were maintained in RPMI-medium (Gibco) containing 10% FCS (fetal calf 

serum, Gibco) and L-glutamine (2 mM; Gibco) and PenStrep (penicillin and streptomycin, 

Gibco). All subsequent references to “culture media'* refer to this formula unless 

otherwise stated. All media, PBS and Versine™ (Gibco) were pre-warmed to 37°C before 

use. All culture flasks were incubated at 37°C in a tissue culture incubator (Jencon-PLS) in 

an air atmosphere supplemented to 5% CO]. Tissue culture procedures were carried out 

under a class II hood (Greiner).
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2.5.1 Maintenance of A375M Cell Line

The human melanoma cell line A375M was used for all in vitro and in vivo experiments 

involving cultured melanoma cells. A375M is an amelanotic melanoma cell line derived 

from a 54-year old patient with metastatic melanoma. The cell line was obtained from the 

European Catalogue of Human and Animal Cell Culture (ECACC) and grown using 

standard tissue culture techniques.

Briefly, frozen stocks (10^ cells) kept in cryosuspension in liquid nitrogen, in 1ml dimethyl 

sulphoxide (Sigma Aldrich) / FCS (1:9) were thawed rapidly in a 37°C water bath, 

resuspended in 10 ml of culture media and pelleted at 1000 rpm for 5 minutes in a bench- 

top centrifuge. The pellet was resuspended in 1 ml of culture media and added to a T-25 

culture flask (Greiner). At confluence ( « 3 - 4  days at 37°C) the culture media was 

aspirated off and the cells washed with 10 ml PBS. The cells were released by incubation 

in 1:5000 Versene (Gibco) at 37°C for ~ lOmin. The A375M cells adhere firmly to the 

flask, and maximum release of cells usually required a vigorous tap to the side of the flask. 

An equal amount of culture media was added to stop Versene digestion and the cells 

pelleted at 1000 rpm for 5 minutes. When passaging cells, the pellet was resuspended in a 

small volume of culture media prior to seeding T-75 flasks (Greiner) containing 20 ml of 

culture media. Typically, cells were diluted 1:5 before seeding the flasks. When larger cell 

numbers were required, the cells were passaged into T-175 flasks (Greiner) containing 40 

ml culture media. Cells were allowed to reach confluence (% 3 -  4 days) at 37°C.

2.5.2 Preparation of Cell ELISA (Enzyme Linked Immunosorbent Assay) Plates

Since purified HMW-MAA is not readily available, in vitro analysis of scFv-antigen 

interaction was carried out using cell ELISA plates seeded with A375M melanoma cells. 

Cells from a single T-75 flask at confluence (approx. 8 x 10  ̂ cells) were harvested and 

resuspended in 50 ml culture media. This suspension was used to seed ten 96-well flat- 

bottomed tissue culture plates (Falcon) aliquoting 50 pi per well (~8 x 10  ̂ cells). The 

plates were incubated for 3-4 days (37°C, 5% CO2) until 80% confluent. The culture
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medium was then aspirated off and the plates dried overnight in a 37°C incubator before 

storage at 4°C.

2.5.3 Technique of Cell ELISA

Cell ELISA plates were typically set up using two-fold dilutions of antibody or scFv in 

RPMI medium (GibcoBRL) containing 10% FCS and 0.05% sodium azide. Total volumes 

of 50 pi per well were employed. Outer lanes on the plate were not used due to 

inconsistency of the results obtained in these wells. For scFvs, 50 pi 9E10 supernatant was 

added to each well. 50 pi of the scFv or antibodies were then loaded into the first well of 

each row, titred out and incubated for 2 hours at room temperature, before washing three 

times with 200 pi of the same medium per well.

Between washes the wells were blotted to remove remaining scFv and media. 50 pi of a 

1:500 dilution of rabbit anti-mouse Horseradish Peroxidase Conjugate (Dako) was then 

added, and after a further 1-hour incubation, the HR? conjugate was washed off using 3 

two-minute washes with 200 pi PBS per well. Following this wash, all remaining medium 

was aspirated from the wells and 100 pi of OPD'^’̂  peroxidase substrate (Sigma-Aldrich) 

prepared according to manufacturers instructions was added to the wells. The plate was 

stored in the dark for 5-15 minutes until a colour reaction occurred and the reaction 

terminated using 50 pi 2M sulphuric acid. All plates were read at 490 nm using a 

Microplate Reader^^ (BioRad).

2.5.4 Maintenance of 9E10 Hybridoma Cell Line

The 9E10 mouse monoclonal antibody directed against the c-myc epitope was prepared as 

a hybridoma supernatant. The cell line was obtained fi*om the American Tissue Culture 

Collection (ATCC) and maintained according to established culture techniques. Cells were 

cultured from frozen stocks by the same technique employed for melanoma cells (Section

2.5.1). Cells were passaged from T-25 to T-75 and then T-175 flasks containing 100 ml of
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Figure 2.5.3 Technique of Cell ELISA
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culture media The hybridoma cells were only mildly adherent and could be detached from 

the flask using gentle tapping without the need for Versene™. Onee in T-175 flasks, the 

medium was harvested when depleted and replaced with a further 100 ml of culture 

medium and the process repeated. By this technique, many litres of hybridoma supernatant 

could be prepared. The harvested supernatant was filter sterilised (0.2 pm filter, Dow- 

Coming) and 0.05% sodium azide added as a bacteriostatic agent before storage at 4°C.

2.6 RADIOLABELLING TECHNIQUES

Antibody fragments were iodinated with iodine-125 (Amersham International) using 

lODO-GEN® (l,3,4,6-tetrachloro-3a, 6a-diphenyl glycouril) pre-coated iodination tubes 

obtained from Pierce Chemical Company, USA. Radioactivity was monitored using a 

Mini-Monitor™ (Mini-Instmments) calibrated for gamma radiation. Counts were 

measured as counts per second (cps) at 30 cm from the source of radioactivity to obtain an 

estimate of the iodine-125 activity as 0.001 MBq = 40 cps.

2.6.1 Buffers

Phosphate buffer (pH 7.5) was used for all iodination reactions. To make 100 ml of IM 

phosphate buffer, 81 ml of 1 M Na2PÛ4 was mixed with 19 ml of 1 M NaHP0 4  and 

adjusted with NaOH to pH 7.5. lODO-GEN® stop buffer weis composed of 2.0 mg/ml D- 

tyrosine in 0.05 M phosphate buffer pH 7.5 + 10% glyeerol (BDH) + 0.1% xylene cyanol 

(BDH).
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2.6.2 lodination of Antibodies

All reactions were carried out in a dedicated fume hood lined with 3 mm of lead-sheet and 

a gamma shield (Scot Lab). A lead apron, sleeve protectors (Jencon-PLS) and double 

layers of latex gloves were worn for all iodination reactions. Standard safety precautions 

for safe disposal of all radioactive waste were observed in accordance with regulations for 

Mount Vernon Hospital, Northwood, Middlesex.

Radiolabelling was carried out using the direct iodination method [Markwell 1978]. All 

reactions were carried out at room temperature. Antibody (50 - 100 pg in 100 pi PBS) was 

added to an lODO-GEN® pre-coated tube. (Amersham) as Nal was added immediately 

to the lODO-GEN® pre-coated tube. 500 pCi of Na^^^I was used per 100 pg of scFv. The 

reaction was allowed to proceed for 5 -  10 minutes. 50 pi lODO-GEN® stop buffer was 

then added to the lODO-GEN® pre-coated tube, stopping the reaction. The scFv and Na^^^I 

were then transferred to a PDIO column (G-25 Sephadex'*'^ Pharmacia Biotech) to separate 

iodinated protein from unincorporated iodine (see section 2.6.3).

2.6.3 Separation of Unincorporated Iodine-125

A pre-packed PDIO column (Pharmacia Biotech) containing 10 ml of Sephadex^"^ G-25 

was equilibrated with 100 ml of PBS +1% BSA + NaNs. Equilibration with 1% BSA was 

carried out to reduce the amount of non-specific binding of radiolabelled protein. The 

column was washed with 100 ml PBS and stored at 4°C until use. To separate 

unincorporated iodine from the iodinated protein, the mixtures from the iodination 

reactions were loaded on to the PDIO columns. 300 pi aliquots of PBS were used to run 

the mixture through the PDIO column. A total of 20 fractions were collected from each 

column and the radioactivity in each fraction measured.
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2.6.4 Estimation of Incorporation of Iodine-125

The fractions collected from the PDIO column with the highest counts (usually fractions 

10-13) were assumed to contain the labelled protein and were pooled. Counts in these 

fractions were expressed as a percentage of the total counts in all fractions + the PDIO 

column. The amount of radioactivity incorporated into the protein sample was assumed to 

be the same percentage of the total iodine used in the reaction (see individual results 

chapters for values obtained).

2.7 DETERMINATION OF ANTIBODY AFFINITY

2.7.1 Preparation of Antibody and Human Melanoma Cells

ScFvs were prepared as described in section 2.3. The Mab LHM2 was a gift of Prof. I. 

Leigh (Queen Mary and Westfield Medical College, London). Dried cell ELISA plates 

made from the human melanoma cell line A375M were used for all experiments (Section

2.5).

2.7.2 Experimental Technique

Binding affinities were calculated according to the methods of Schodin and Kranz 

[Schodin 1993] using a competitive inhibition assay. The method used was based on the 

binding affinity of LHM2 Mab and the inhibition of LHM2 binding with various 

concentrations of scFv preparations. The wells of cell ELISA plates were initially loaded 

with 500 ng of LHM2 IgG (parent mouse monoclonal antibody) per well and serial 

dilutions of various scFvs were carried out across the plate from 500 to 1 ng per well. 

LHM2 IgG binding was detected using rabbit anti-mouse IgG-HRP conjugate (Dako),
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which does not cross-react with scFv. The ELISA was completed as previously described 

(Section 2.5.3) and the plate read at 490 nm.

2.7.3 Affinity Determination

The affinity constants were calculated on the basis of the equation described by Cheng et 

al [Cheng 1973].

Cheng equation: K /f l )  =  [ I ] 50% / ( 1  +  ([LHM2] /  K^[LHM2] ) )

K4 SCFV] : binding affinity of scFv (M)

I : unlabelled inhibitor (such as scFv)

[I]50% : concentration of inhibitor that yields 50% binding inhibition (nM)

[LHM2] : concentration of '^^I-labeled Mab (nM)

IQ[lhm2] : binding affinity of LHM2 Mab (1.6 x 10‘̂ M)

Affinity Curves were constructed by plotting the OD against scFv concentration using 

Origin™ software (version 4.0, Microcal™).

2.8 ANIMAL MODEL

Localisation of radiolabelled scFv was carried out in athymic mice bearing xenografts of 

human melanoma. The human melanoma cell line A375M was used for all experiments 

(Section 2.5). The methods used for implantation were based on the method of McCready 

et al [McCready 1989].
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2.8.1 Preparation of Tumour Cells

A375M tumour cells were used for all animal experiments. Cells were eultured as 

described in Section 2.5. Cells were harvested from confluent flasks under sterile 

conditions at room temperature within 1 hour of inoculation and suspended in PBS.

Figure 2.8 Balb/c nu Mouse Bearing Human 
Melanoma Xenograft

Balb/c nu mouse 
2 weeks after 
subcutaneous 
injection with A 375M  
m elanoma cells into 
right flank. The  
tumour m easures 7 
mm (+/ -1 mm).

— Tumour

2.8.2 Tumour Production in the Mice

Immuno-deficient female Balb/c nu mice were bred from existing animal stocks 

maintained at the Gray Laboratories. The mice were housed in MBl plastic cages (North 

Kent Plastics) holding a maximum of 20 mice and fed on a diet of standard expanded 

pellets (B & K Universal). They were implanted with tumour cells when they reached 

between 7 to 10 weeks of age. Standard precautions were observed when handling 

immunocompromised animals. Hands and forearms were scrubbed with antiseptic agents
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before touching the animals. All clothing except underwear was removed before entering 

the animal house and surgical hats, masks, dedicated (clean) overalls, latex gloves and 

operating boots were worn at all times.

A clean operative field was established by laying tissue paper onto the bench-top and 

spraying this with 70% ethanol. The cell suspension was drawn up into a 1 ml syringe 

(NHS supplies) using a 23 G needle (Microlance). The mice were anaesthetised in 

anaesthetic jars containing tissue soaked with Enflourane'*^ .̂ A subcutaneous injection of 

«100 p.1 of the cell suspension («ten million cells) was made into the right flank of each 

mouse. Palpable tumours were visible as early as 1 week after injection. Tumour take was 

successful in 80-90% of mice. Tumours were allowed to grow until they reached 7 mm +/- 

1 mm mean geometric diameter before the mice were used for experiments (Figure 2.8). 

Mice suffering from abscesses and infection were excluded.

2.9 ANTIBODY BIODISTRIBUTION AND 

PHARMACOKINETICS

2.9.1 Design of Experiments

Freshly radiolabelled antibody fragment was injected by tail vein injection. Each mouse 

was injected with «0.5 pg of antibody fragment. Efforts were made to ensure that the 

absolute amount of radiolabelled antibody used in each experiment was similar. However, 

there was still some variation due to differences in the specific activity achieved with each 

iodination reaction. On average, each mouse received between 0.011 - 0.037 MBq (0.3 - 

1.0 pCi) of radioactivity.

No specific steps were carried out to remove endogenous pyrogen, trace amounts of Cu^^ 

or NaNs in the radiolabelled preparations before injection. However, no adverse effects of
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any kind (directly attributable to the injected solutions) were observed in the mice for the 

duration of any of the experiments

For localisation experiments, time points were selected which reflected the expected 

distribution of antibody and antibody fragments based on previously published data 

[Colcher 1990]. For scFv, 4 time points were selected: 1 hour, 3 hours, 6 hours and 18 

hours after injection. For the therapeutic scFv R3ZZ, 2 additional time points were 

selected: 24 and 48 hours. This was to enable comparison of this antibody fragment with 

whole monoclonal antibody.

For pharmacokinetic experiments, time points were selected which reflected the expected 

blood clearance of antibody fragments based on previously published data [Colcher 1990]. 

At these time points, groups of between 3 and 5 mice were sacrificed by cervical 

dislocation. Time points of 1 minute, 15 minutes, 30 minutes, 60 minutes, 80 minutes, 3 

hours, 6 hours and 18 hours after injection were selected. Again, for R3ZZ 2 additional 

time points of 24 and 48 hours were selected.

2.9.2 Injection of Radiolabelled Antibody

Mice were warmed for 2 to 3 min under a 250 W infrared lamp (Salamander) at 30 cm to 

increase tail vein dilation. Enflourane^^ anaesthesia was induced as previously described 

(Section 2.8.2) and tail vein injections carried out using a 26 G needle (Microlance). The 

mice were returned to their cages after recovering from anaesthesia.

In order to ensure reproducibility of the administered dose, all radiolabelled 

antibodies/antibody fragments were made up to a volume of 100 pl/mouse. After injection, 

haemostasis of the venepuncture site was achieved by digital pressure applied for 1 - 2 

minutes. The mice were returned to their cages and left on tissue paper in the prone 

position to recover from the anaesthesia.
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2.9.3 Sample Collection

At the pre-determined time points, mice were sacrificed by cervical dislocation and tissue 

specimens obtained immediately. The whole tumour, both kidneys, both lungs, the right 

lobe of the liver, the spleen, both quadriceps muscles and both femurs were collected. A 

blood sample was obtained by cardiac puncture. Samples were placed into pre-weigbed 

scintillation tubes (BDH) for analysis.

2.9.4 Sample Analysis

Scintillation tubes were loaded onto a gamma counter (CompuGamma CS, LKB Wallace) 

and activity measured in counts per minute (cpm) over 3 minutes with a window set at 111 

to 140 keV. A calibration sample of the radiolabelled antibody or antibody fragment equal 

to that injected per animal was also loaded to allow calculation of the percentage of the 

injected dose in each sample (%ID). After counting, the sample weight was determined 

and the %ID/g of tissue calculated:

%ID/g = cpm in sample X 100

cpm in calibration sample x sample weight (g)

Tumour to normal tissue ratios were calculated for each mouse as follows:

T:NT = %ID/g of tumour

%ID/g of normal tissue

Errors were calculated as standard errors of the mean (SEM) of the measurements obtained

from groups of 3 or 5 mice, using the computer program JMP™ (version 3.1.5, SAS

Institute).

SEM = SD / V N N = number of measurements 

SD = standard deviation
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Curve-fitting was carried out using Origin™ software (version 4.0, Microcal™), and 

enabled calculation of the distribution (ti/iu) and elimination (ti/2 p) halflives.

2.10 HISTOLOGY TECHNIQUES

2.10.1 Preparing Tissue Sections

All paraffin-embedded tumour blocks were obtained from the Pathology Department, 

Mount Vernon Hospital. 4 pm thick sections of the paraffin-embedded specimens were 

mounted on aminopropyl triethoxysilane-coated (APES-coated) polylysine slides, dried for 

2 hours at 60°C, and used for staining.

2.10.2 LHM2 Staining of Paraffin Sections

Staining was achieved using the Catalysed signal amplification (CSA K1500) kit (Dako®) 

and the Vector kit. All steps were carried out in a moist chamber unless otherwise stated.

2.10.2.1 Buffers

PBS Buffer for VIP substrate (Vector^^) was made up from 7.4 g disodium hydrogen 

orthophosphate, 2.15 g sodium hydrogen orthophosphate and 45 g sodium chloride, made 

up to 500 ml distilled water, with final pH 7.5. TBS/BSA diluent was made from 250 mg 

bovine serum albumin (Dako or Vector), 25 mis 0.5 M Tris/HCl (pH 7.6), and 25-50 pi 

0.6% Triton xlOO. TBS+Tween (TBS+T) buffer (0.05 M) for the washes was made from 

30.25 g Tris and 42.5 g sodium chloride in 4750 ml distilled water. The pH was adjusted to

7.6 with ~ 40 ml 1 molar HCl.
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2.10.2.2 Technique

APES-coated polylysine paraffin sections were microwaved in 400 ml 1 mM EDTA buffer 

pH8.0 for 10 minutes. After washing with tap water, endogenous peroxidase was blocked 

with 3% hydrogen peroxide in methanol (containing 3% Na azide) for 30 minutes in the 

slide rack. The slides were washed in water, then TBS+T pH 7.6. An Avidin block 

(Vector) was applied for 15 minutes and rinsed, followed by a biotin block (Vector) for 15 

minutes, then rinsed. The protein block from the CSA kit (Dako) was applied for 30 

minutes according to manufacturers instructions.

The LHM2 whole monoclonal antibody (gift of Prof. I Leigh, Royal London Hospital) was 

used to detect HMW-MAA. LHM2 Mab was diluted 1/200 in TBS/BSA + Triton xlOO and 

applied for 15 minutes. This was then rinsed for 15 minutes with TBS+T buffer. 

Biotinylated rabbit anti-mouse IgG (Sigma) was used as the secondary antibody and 

applied for 15 minutes. This was then rinsed with TBS+T buffer. ABC complex from the 

CSA kit (Dako®) was made up according to manufacturers instructions and applied for 15 

minutes, followed by the amplification reagent, tyramine (15 minutes), followed by the 

streptavidin peroxidase reagent for 15 minutes.

Finally VIP substrate reagent (Vector) was applied for 5 to 15 minutes. The substrate used 

(5-bromo-4-chloro-3 indolyl phosphatase (BCIP) or nitroblue tétrazolium (NBT)) results in 

a purple reaction product and was selected as an alternative to the more commonly used 

DAB substrate (3,3’-diaminobenzidine, Dako) which produces a brown chromogen, to 

prevent confusion with any melanin or other tissue pigment. Light Green Counter-stain 

(Vector) in 1% acetic acid was applied for 2 minutes, dehydrated clean, before mounting 

the sections in DPX resin (mixture of DISTYRENE, a PLASTICISER and XYLENE).

Negative controls included sections to which no primary antibodies were applied. Murine 

antibodies to epithelial membrane antigen (EMA; Dako) were used to assess the staining 

technique (Figure 2.10.2).
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Figure 2.10.2 Staining Technique Using Renal Epithelial 
Membrane

VIP Substrate Light Green Counter-stain

«■ H iiMIl
ifiiifi

Specimen o f renal epithelial membrane. Murine antibodies to 
epithelial membrane antigen (EMA) were used to demonstrate the 
staining technique. The EMA was stained purple with VIP 
substrate. Light Green counter-stain was then applied to the 
specimen.

2.10.3 SlOO Staining of Paraffin Sections

For SlOO staining, APES-coated polylysine slides were used as above (Section 2.10.2). 

Endogenous alkaline phosphatase was blocked by incubation with 20% acetic acid for 30 

minutes. Sections were rinsed with TBS+T and treated with avidin and biotin blocks as 

above followed by a normal horse serum block (1:5 for 30 minutes). Rabbit anti-bovine 

SlOO polyclonal antibody (which cross-reacts strongly with human SlOO) was used as the 

primary antibody (1:2000 for 1 hour at RT). SlOO was detected with biotinylated swine 

anti-rabbit Ig (1:200 for 30 minutes), followed by strepavidin-alkaline phosphatase (1:200 

for 30 minutes). Vector Red (Vector) was used as the substrate for 20 minutes and the 

sections were counter-stained with Harris's haematoxylin for 20 to 30 seconds. The 

sections were washed until the nuclei were blue, then dehydrated and mounted in DPX 

resin as above. Peripheral nerves were used as positive controls for SlOO.
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3.1 INTRODUCTION

ScFvs have been produced in our unit for many years. The yield of scFvs is known to be 

variable, and attempts to optimise production of large amounts of clinical grade material 

have been made previously [Hamilton, MD thesis 2001]. There are other important factors, 

which must also be considered if such recombinant molecules are to be used in clinical 

practice. Relatively low solubility has been identified as a general problem with scFvs 

[Glockshuber 1990; Jung 1997; Worn 2001], and the purification techniques used may be a 

causal factor. Concentration, heating, prolonged storage and repeated freeze-thawing of the 

fragments can also lead to precipitation, a limiting factor for medical and biotechnological 

applications. This chapter details our attempts at optimising the solubility and stability of 

the scFvs used.

3.1.1 Rationale

3.1.1.1 Bacterial Production and Purification

ScFvs can be recovered from the bacterial supernatant, periplasm or cytoplasm of bacteria 

[Plückthun 1991]. The yield of scFvs recovered from the supernatant is relatively low (0.2-

16.5 mg/1 of bacterial culture), whereas yields of scFv from the periplasm or cytoplasm are 

typically higher (5-120 mg/1 from periplasm, 10-50 mg/1 from whole cell extracts) [Anand 

1991; Skerra 1991; Deng 1994; Kipriyanov 1994; Kipriyanov 1997]. Previous data from 

our unit have confirmed this pattern. However, secreted soluble scFv is the easiest to purify 

in a functional state [Kang, MD thesis 1997] and therefore our subsequent studies have 

concentrated on this method of scFv production.

The yields of scFvs tested early on have been low with around 150 pg of pure scFv being 

obtained per litre of bacterial supernatant [Kang, MD thesis 1997]. Patient imaging or 

therapeutic trials would require much larger quantities [Regent 1996; Larson 1997]. Large- 

scale fermentation systems are capable of increasing scFv yield over 10-fold [King 1993; 

Carter 1997] but this apparatus is currently not available in our laboratory. Any attempt to
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Optimise the yield of scFv could therefore be amplified when large-scale fermentation 

might eventually be used. In the interim every attempt has been made where possible at 

optimising expression yield. Work carried out in our unit [Hamilton, MD thesis 2001] has 

focused on optimising the yields of scFv by improving induction conditions and 

purification techniques, and identifying the most efficient methods for our purposes.

3.1.1.2 ScFv Solubility

The production of recombinant scFvs results in the “detachment” of the Fv from the 

remainder of the immunoglobulin. These scFv molecules do not exist naturally in vivo and 

the process exposes amino acids which are normally “concealed” within the folds of the 

protein. The exposure of hydrophobic amino acid moieties by this mechanism may result 

in relatively insoluble protein [Nieba 1997]. Replacement of the uncovered hydrophobic 

patches with hydrophilic residues could resolve this problem [Nieba 1997]. The addition of 

hydrophilic amino acids onto the end of the protein chain is another way to improve 

solubility [Tan 1998]. Camelisation of scFvs has been shown to enhance solubility 

[Riechmann 1996]. Camel heavy chains are naturally devoid of light chains, and therefore 

do not carry hydrophobic residues at positions that would form the light chain/heavy chain 

interphase of immunoglobulins from other species.

Initially, our scFvs demonstrated limited solubility at concentrations required for 

experimental and clinical use (>1 mg/ml). We examined the effect of storage temperature 

and storage buffer on scFv solubility. We also examined the role of evolutionary selection 

of our clones on scFv solubility. These concepts are explained in more detail below.

3.1.1.3 Expression and Stability

ScFvs are produced with variable yield. These variations are a direct consequence of their 

primary sequence, codon usage, and protease resistance [Worn 2001]. The periplasmic 

folding can be the yield-limiting step, and is most strongly influenced by the sequence. 

Therefore, antibody expression can be improved by alterations to the sequence, and two 

principle approaches are used with some success, a “rational” approach and a “directed 

evolution” approach. The rational approach involves aligning the antibody sequence to 

well-expressing clones [Knappik 1995], together with exchanging exposed hydrophobic 

residues [Nieba 1997], and the possibility of grafting complementarity determining regions
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(CDRs) directly onto very stable and well-expressed frameworks [Jung 1997]. 

Alternatively, the evolutional approach may be used, where selection pressures place a bias 

towards selection for improved expression and stability [Proba 1998; Jung 1999]. 

Antibodies undergo cycles of genetic diversification, followed by selection and screening 

for a desired property such as yield. ScFv fragments can also be stabilised by chemical 

cross-linking or engineering of disulphide bonds between chains [FitzGerald 1997].

3.1.2 Design of ScFvs

A human-mouse chimeric scFv library was designed and constructed by Dr. Jorg Kupsch 

using the technique of chain-shuffling (Figure 3.1.2a). The antibody fragments selected 

from that library had the same melanoma specificity as the original scFv (RAFT2), derived 

from mouse Vh and Vt-regions of the parental Mab LHM2. The technique of chain- 

shuffling was intended to humanise the RAFT2 scFv [Kupsch 1995; Kupsch 1999]. This 

allows human antibodies to be made in vitro without prior immunization, thus mimicking 

the primary immune response whilst preventing human anti-mouse antibody (HAMA) 

reactions in patients [Marks 1992]. In this technique, first one, and then the other mouse V 

region is substituted with the sequences of human V regions. In our case, only partial 

humanisation (i.e. chimeric clones) was successful. Further attempts to fully humanise the 

clones resulted in scFvs that were unsuitable for in vivo and in vitro use, as no melanoma- 

binding scFvs were isolated from the humanised library. Why these clones, or the process 

of complete humanisation, did not work in our hands remains unclear.

Antibody phage display was employed to select phage expressing anti-melanoma scFvs by 

panning the mouse/human chimeric library against A375M melanoma cells (Figure 

3.1.2b). By retaining the original mouse Vh region specific for HMW-MAA, the 

specificity of the chimeric constructs for the same antigen was conserved. The expression 

of scFv is toxic to bacteria [Hayhurst 2000] and those bacteria infected by phage encoding 

toxic scFv sequences die out, whilst those containing less toxic scFv predominate. This 

would favour the selection of “happy” clones with favourable characteristics such as higher 

yield, improved solubility and stability, and also the ability to form multimers. The new 

scFv cassettes were sub-cloned into pUCl 19 His 6 myc Xba (Figure 3.1.2c and Figure
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3.1.2d) to simplify purification by IMAC (Section 2.2.5). 36 clones were studied and those 

performing best in cell ELISA (melanoma-binding) and in Western blot (analysis of scFv 

yield) were chosen for further experiments.

Figure 3.1.2a Chain-Shuffling to Humanise Mouse ScFvs

Phase 1

M ouse Human Chim eric
p hage  library library

Chim eric
ScFvs

Phase 2

Chim eric Hum an H um anised 
p h ag e  library library

H um anised
ScFvs

The teehnique of ehain-shuffling was used in an attempt to humanise 
the LHM2 scFv. In this teehnique, the mouse V k and Vh regions are 
substituted with the sequences for human V k and Vh regions.
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Antibody Phage DisplayFigure 3.1.2b
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4). Remainder of 
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binding PBMCs 

discarded
A375M

5). Non melanoma-binding 
phage discardeddo do

(Reproduced with kind permission, Hamilton MD thesis 2001)
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Figure 3.1.2c Polycloning Region in pUC119 His 6 myc Xba
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Figure 3.1.2d ScFv in pUC119 His 6 myc Xba
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By using a combination of phage display and chain shuffling, clones with different 

qualities were isolated. It was noted that with each round of selection some clones were 

found to be evolving, whilst others seemed to die out and become extinct. Clones that were 

dominant after 3 rounds of selection (RAFT3 scFv) failed to dominate after 4 rounds of 

selection. New clones seemed to dominate after 4 rounds of selection (4A4 scFv), This 

evolutionary process seemed to select scFvs with as yet undetermined properties and we 

wondered whether the concept of Darwinian selection could be applied to scFvs. It was 

possible that our selection methods selected for clones with improved in vitro properties 

and better in vivo targeting.

Figure 3.1.2e The Evolutionary Selection of ScFvs

4F2 5G12 5G1 5F12 5F7 5E4 5B10 5B9 5A4

t
4D4 4F2 Ç S a Ï I  3A11 3A11 3À jT >

t
3F7 3D6 < $ ^ C 4  3C4 3 ^  3A11 3A5

RAFT3
î

Q
(03
(D
Q>3*.
O3

RAFT2 (Parent)

Clones within the green bubble are the dominant clones in that 
round of selection. Some clones grow up in the next round (3A11 
and 4F2), whilst others become extinct in subsequent rounds (3C4) 
and are not re-isolated.

Previous studies have tried to correlate single in vitro properties such as affinity [Colcher

1998] with in vivo targeting. Perhaps selection for a combination of traits produces ‘happy’ 

scFvs, and it is this ‘happiness’ that results in improved tumour targeting. The in vitro (this 

chapter) and in vivo (Chapter 4) properties of these clones were thus examined.
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3.1.3 Solubility Studies

A clear tendency to form insoluble aggregates on storage at concentrations greater than 

-150 |xg/ml was noted with the RAFT series of scFvs. High concentrations of scFvs are 

required for clinical use, and the formation of precipitates at these concentrations is 

impractical and might even be hazardous to patients. A number of strategies were 

employed in an attempt to increase the stability and solubility of the scFvs. The effect of 

storage temperature as well as storage buffer was examined to determine if either of these 

factors influenced the development of aggregates.

During the process of scFv purification using IMAC, the eluted samples containing scFv 

were generally collected in buffer containing 50-200 mM imidazole (IMAC elution 

buffer). After concentration of the eluted fractions, the samples were typically dialysed 

overnight at 4°C against PBS to remove excess sodium chloride (NaCl) and imidazole 

from the solution. A small precipitate noted at this stage (not present pre-dialysis) 

suggested that removing either the NaCl or imidazole from the solution might be involved 

in aggregate formation. Varying storage buffers containing 1 M D-sucrose, 1 M glycine, 1 

M L-alanine, 1 M glutamic acid, 1 M arginine-HCl, 1 M glycerol, 0.4 M PEGeooo and IM 

Tris/HCl pH7.4 have been examined [Hamilton, MD thesis 2001]. All failed to maintain 

the scFv in solution to any greater extent than the PBS buffer alone. Similarly, the addition 

of the detergent 0.05% Tween-20 to the buffer did not prevent precipitation.

The effect of imidazole in re-solubilising precipitated scFv has also been assessed. By 

adding PBS containing > 50 mM imidazole, precipitated scFvs dissolved and remained in 

solution at 400 pg/ml whilst differing concentrations of NaCl in the buffer showed no 

effect on scFv solubility [Hamilton, MD thesis 2001]. This finding suggested a clear effect 

of imidazole on the solubility of the scFv and its potential as a stabilising agent for storing 

scFv.

Storage of scFvs in buffer containing 200 mM imidazole might adversely alter the 

radiolabelling and tumour targeting properties of the scFv (and therefore its clinical 

usefulness) [Waibel 1999; Baneijee 2001]. Previous studies however failed to show a 

difference in tumour targeting when scFvs radiolabelled (by the lodogen method) with and
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without imidazole were compared in vivo and in vitro [Hamilton, MD thesis 2001] (Figure

3.1.3). As no obvious toxicity was seen in mice, it seems unlikely to be toxic in human 

patients.

Figure 3.1.3 Reactivity Of '^"'l-Labelled 
ScFv Containing Imidazole

Optical D ensity 
@ 490nm

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

RAFTS RAFTS aCD18 Blank 
(PBS) (IMIDAZOLE)

Imniunoreactix ity of unlabclled Q  and radiolabelled ■  scFvs 
assessed in cell ELISA on A375-M melanoma cells. 0.5 pg of 
KA1T3 scF\ (in the absence and presence of imidazole) was 
loaded. Anti-CD 18 sel \ is shown as a negative control. ■

{Reproduced with kind permission Hamilton, MD thesis 2001)

The literature contains reports concerning the effects of various storage conditions on 

Mabs, various proteins and biological solutions [Kroon 1992; Rivera 1994; Amoako 1996; 

Sitaramamma 1998]. Little is published about the ideal storage conditions for scFvs. The 

ideal storage conditions should be those in which the scFv can be maintained in the same 

state, with the same properties, as on the day it was first produced, for an indefinite period 

of time. From our studies it appears that imidazole and temperature may play an important 

role in stability of our scFvs fragments. Therefore we set out to ascertain if desalting 

columns could be used to safely remove imidazole (and NaCl) from the IMAC elution 

buffer, without compromising yield, melanoma binding and solubility of our scFvs, and to 

determine the best temperature for storing our scFvs.
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3.2 METHODS

3.2.1 Design and Choice of scFvs

In this chapter we compare the in vitro properties of the original mouse scFv, RAFT2 with 

a number of its chain shuffled variants. Four clones were selected according to their ability 

to survive to later rounds of selection. The clones examined were RAFTS, 3A11, 3C4, and 

4A4. RAFTS, 3C4, and SAl 1 were selected after 3 rounds of phage selection, 4A4 after 4 

rounds of phage selection on melanoma cells. All the scFvs used were designed by Dr Jorg 

Kupsch. For the purposes of these experiments 1 was responsible for producing and 

purifying these scFvs from bacterial glycerol stocks (provided by Dr Jorg Kupsch) and 

conducting all experiments unless otherwise stated.

3.2.2 Production and Purification of scFvs

All scFvs were made from a standard 1-litre induction (Section 2.1.10). Briefly, a 10 ml 

culture (LBga) containing a pipette tip stabbed into bacterial glycerol stocks was grown at 

30°C overnight in a rotary shaker (250 rpm). In the morning overnight cultures were made 

up to 1 litre in L B ga and shaken at 250 rpm for 6 hours at 30°C, to an ODeoo of 

approximately 1.5. At 6 hours, the bacteria were pelleted and the supernatant poured off. 

The bacteria were resuspended in 1 litre of LB containing 100 pg/ml ampicillin and 100 

pM IPTG. Optimum conditions for induction of individual scFvs in large-scale bacterial 

culture have been determined empirically [Kang, MD thesis 1997]. Cultures were then 

shaken overnight (for 16-18 hours) at 30°C and 250 rpm.

All scFvs were purified by IMAC purification on High-trap Chelating Sepharose Columns 

(His-trap, Amersham Pharmacia Biotech) (Chapter 2.2.5). ScFvs were concentrated to 1 ml 

containing IMAC elution buffer and aliquoted before storage at -80°C. They were analysed 

by Western blot (section 2.3.4) and cell ELISA on melanoma cells (section 2.4.3). 

Molecular weight determination of the scFvs was by low-pressure gel filtration (section
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2.2.7) on Sephacryl-200HR columns (Pharmacia). One-ml aliquots were collected and 

scFv fragments detected by direct ELISA.

3.2.3 Effect of Storage Temperature

As the ideal storage temperature for our scFvs in unknown, we had previously stored our 

proteins at 4°C. To determine if this was the correct storage temperature RAFTS scFv was 

made from a 1-litre induction. RAFTS was purified by IMAC purification on His-trap 

Columns (Amersham Pharmacia Biotech), and stored in IMAC elution buffer, as aliquots 

in microcentrifuge tubes. For the purpose of these experiments, aliquots of purified RAFTS 

scFv were stored at 4°C, -20°C and -80°C, for 8 weeks to determine if the temperature had 

an effect on the stability of the antibody fragments. The aliquots were examined weekly on 

Coomassie gels and in cell ELISA on melanoma cells, to examine the effect of temperature 

on yield and melanoma binding.

3.2.4 Effect of IMAC Elution Buffer on Stability

Previous attempts at removing imidazole and NaCl from the IMAC elution buffer, by 

overnight dialysis against PBS at 4°C resulted in the formation of aggregates for all scFvs 

purified by IMAC purification. An alternative to dialysis against PBS is the use of a 

desalting column. Desalting occurs in a matter of minutes and avoids the overnight storage 

at 4°C, which could encourage further precipitation. 4A4 scFv was selected for this 

experiment because of its high yield. 4A4 scFv (a round 4 phage-selected clone) was made 

from a standard 1 -litre induction and purified by IMAC purification on His-trap Columns 

(Amersham Pharmacia Biotech). The scFv was eluted using a stepped gradient of 

imidazole and collected in fractions containing 30, 50, and 200 mM imidazole. These 

fractions were tested on Coomassie gels for yield and in cell ELISA for melanoma binding.

The fraction of 4A4 scFv containing 200 mM imidazole was concentrated down to 

approximately 1 ml using a Vivascience centrifugal device (Vivascience). Half of this (500 

pi 4A4 scFv) was loaded onto a 5 ml HiPrep 26/10 desalting column (Amersham
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Pharmacia Biotech) equilibrated with PBS and eluted with 1.5 ml aliquots of PBS. All 

fractions were tested on Coomassie gels to determine the fractions containing the desalted 

4A4 scFv. The desalting columns were prepared and stored according to manufacturers 

instructions. The remaining 4A4 scFv (500 pi) was left in the IMAC elution buffer 

containing imidazole and NaCl. The newly desalted 4A4 scFv and the 4A4 scFv in IMAC 

elution buffer were aliquoted and stored at -80°C. Aliquots of desalted 4A4 scFv were also 

stored at 4°C for comparison. Evidence of precipitation and melanoma binding was 

monitored weekly in parallel experiments by directly comparing the samples with and 

without imidazole by Coomassie gels and in cell ELISA.

3.2.5 Confirmation of Epitopic Specificity

In order to demonstrate that the various clones still bound the same epitope of the High 

Molecular Weight Melanoma-Associated Antigen, a competition cell ELISA was set up. 

The wells were initially loaded with 500 ng of LHM2 IgG (parent mouse monoclonal 

antibody) per well and serial dilutions of all scFvs (RAFT2, RAFTS, 3A11, 3C4, and 4A4) 

were carried out across the plate from 500 to 1 ng per well. LHM2 IgG binding was 

detected using rabbit anti-mouse IgG-HRP conjugate (Dako), which does not cross-react 

with the scFvs. The ELISA was completed as previously described (Section 2.5.3) and the 

plate read at 490 nm.

3.2.6 Affinity Determination

The antigen binding constants of the scFvs were determined from competition ELISAs as 

described above, according to Schodin et al [Schodin 1993]. The affinity constants were 

calculated on the basis of the equation described by Cheng et al [Cheng 1973] (Section

2.7.3).
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3.3 RESULTS

3.3.1 ScFv Yield and Molecular Weight Determination

The yields of the scFvs examined increased with the round of phage selection (Table 

3.3.1). A Western blot (Figure 3.3.1a) was performed to illustrate the yield increase after 

each round of selection. The purity of the scFvs as determined by Coomassie gels varied 

from 80 -  95% purity (not shown). The contaminants were not removed for the purpose of 

these experiments. Melanoma binding of the scFvs as demonstrated by cell ELISA 

improved significantly after the third round of phage display. RAFT3, 3A11, 3C4, and 4A4 

scFvs were superior to RAFT2 (Figure 3.3.1b). The scFvs were thus ranked as follows: 

RAFT2>RAFT3>3A11>3C4>4A4 for increasing yield.

For RAFT2 scFv usually 150 pg/1 induction of scFv could be obtained, whereas for 3C4 

and 4A4 this was increased to 2-3 mg/1 and 4 mg/1 respectively. Molecular weight 

determination of all scFvs was by low-pressure gel filtration on Sephacryl-200HR. 

Detection of scFv by direct ELISA demonstrated that 4A4 emerged as three peaks 

corresponding to a mixture of trimer (40%), dimer (35%), and monomer (25%) (Figure 

3.3.1c and Table 3.3.1). Attempts were made to separate monomers from multimers by gel 

filtration, but the equipment required (HPLC) was not available in our laboratory. The gel 

filtration apparatus available for these experiments was insufficiently sensitive to produce 

an exact profile and allow quantification and efficient separation of the protein peaks. 4A4 

scFv was thus used as mixture of monomer and multimers in all subsequent experiments. 

RAFT2, RAFT3, 3A11, and 3C4 all emerged as one peak, corresponding in size to 

monomers of approximately 28-30 kDa (Table 3.3.1). The elution profile for the 

monomers were similar but only that of RAFT3 is shown (Figure 3.3.1c).
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Table 3.3.1 Yields And Molecular Weights Of ScFvs 
After Several Rounds Of Phage Selection

ScFv
Round of 
Selection

Yield 

(per litre 

induction)
Monomer

28

Size kDa 

Dimer 
56

Trimer
84

R2 Parent 150 pg/ml + - -

R3 2 600 Mg/ml + - -

3A11 3 1 mg/ml + - -

3C4 3 2-3 mg/ml + - -

4A4 4 4 mg/ml + +

Figure 3.3.1a Western Blot Showing Increasing ScFv 
Yield With Round of Selection

Ladder

1

X s  1  5  t  §  S  1  3  1

Western Blot o f Modified Clones. 20 |.il o f 
supernatant was loaded for each clone. ScFv was 
using anti-c-/m c monoclonal antibody 9E I0.

bacterial 
; detected

(Reproduced M it/i kind permission, J. Kupsch)
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Figure 3.3.1b Cell ELISA of Phage-selected ScFvs
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Cell ELISA on A375M  
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scFvs tested were
compared to anti- 
CD 18 scFv as a
negative control.
ScFvs were detected 
using anti-c-myc
monoclonal antibody 
9E10. Results are
representative o f  3 cell 
ELISAs. * indicates 
clones selected for
subsequent analysis.

(Reproduced with kind perm ission, J. Kupsch)

Figure 3.3.1c Elution Profile of ScFvs Obtained by Direct 
ELISA Following Gel Filtration
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3.3.2 Optimising Storage Temperature

RAFTS scFv in IMAC elution buffer was used for these series of experiments. Aliquots of 

RAFTS scFv stored at 4°C, -20°C and -80°C were examined weekly by Coomassie gels and 

cell ELISAs (Figure S.S.2a). For melanoma binding the ODmax for weekly cell ELISAs 

varied from one ELISA plate to the next. The relative CDs have been used to compare the 

melanoma binding at -20°C and 4°C with that at -80°C over time. Melanoma binding is 

clearly stable at -80°C (when compared to freshly prepared scFv), and decreased rapidly 

with time when stored at 4°C or at -20°C. The yield as assessed by weekly Coomassie gels 

remained stable at -80°C, and decreased progressively at -20°C and at 4°C. This is seen 

clearly in Figures 3.3.2a and 3.3.2b.

Figure 3.3.2a Effect Of Storage Temperature On Stability 
And Melanoma Binding Of R3 ScFv

Melanoma binding of RAFTS scFv Relative Yield of RAFTS scFv
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Figure 3.3.2b Coomassie Gels Showing The Effect Of 
Storage Temperature On Stability

Day 1 Day 14

5
OVAOVA

-80° +4° -20°-80° +4° -20 Temp °C

Coomassie gels showing concentrations of soluble RAFT3 scFv 
stored at different temperatures. On day I, all scFvs are at the 
same concentration. By day 14 the amount of scFv present at - 
80°C remains high, whilst that stored at higher temperatures is 
reduced. The reduction is more marked at 4°C. Ovalbumin (1,3,  
and 5 pg OVA per lane) was used as a concentration standard.

Also seen in Figure 3.3.2b are low molecular weight bands which remain constant and 

stable at -80T but increase at 4°C, and may in part be due to proteolysis. We would expect 

patient grade scFv to be highly pure and thus more resistant to proteolysis.

3.3.3 Effect of IMAC Elution Buffer on Stability

Aliquots of 4A4 scFv with and without imidazole were examined weekly by cell ELISA 

and by Coomassie gels. 20 pi of desalted scFv and 20 pi of scFv in IMAC elution buffer 

were loaded unto a Coomassie gel. On day 1, the concentration of 4A4 scFv (in IMAC 

elution buffer) was 4 mg/ml. Following desalting on a FliPrep 26/10 desalting column 

(Amersham Pharmacia Biotech) the concentration was 1 mg/ml (figure 3.3.3a).
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Figure 3.3.3a Effect of Removal of IMAC Elution Buffer 
on 4A4 ScFv Concentration

28 kDa

Day 1

B C D EA

Coomassie gel showing 4A4 scFv with and without IMAC elution 
buffer (containing imidazole and NaCl). Fraction A contains 4A4 
scFv in IMAC elution buffer (4 mg/ml). B, C, D. and E represent 
fractions of desalted 4A4 scFv. Only fraction B contains desalted 
4A4 ( 1 mg/ml).

The process of desalting 4A4 scFv diluted the scFv preparation by 4 times. Following 

desalting, 4A4 scFv maintained its concentration and melanoma binding for eight weeks 

compared to the aliquots containing IMAC elution buffer, providing the scFv was stored at 

-80°C (figures 3.3.3b and 3.3.3c). When the desalted scFv was stored at 4°C the yield and 

melanoma binding was maintained for 24 hours, but then decreased rapidly. By day 28, it 

no longer bound melanoma and only smaller sized bands were visible on the Coomassie 

gels. At no point (up to eight weeks) was a precipitate found in any of the microcentrifuge 

tubes stored at 4°C or at -80°C. This experiment was conducted systematically for 8 

weeks. The 4A4 scFv has maintained stability and yield for over 6 months at -80°C 

(with/without imidazole).

103



Anti hoc/}' Preparation

Figure 3.3.3b Effect of Desalting 4A4 Scfv (Removing 
IMAC Elution Buffer) on Melanoma Binding
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Cell ELISA showing melanoma binding o f  desalted 4A4 scFv stored at -80°C 
and 4°C, at weekly intervals. Binding is com pared to 4A4 scFv in IMAC elution 
buffer (positive control) stored at -80°C. Values for desalted 4A4 scFv at -80°C 
and 4°C  are calculated as percentage o f binding com pared to the positive control 
for each week.

Figure 3.3.3c Effect of IMAC Elution Buffer on 4A4 ScFv 
Concentration

Day 1 Day 28

28
kDa

m

W

1 3 5
OVA

1 3 5
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A B C A B C

Coomassie gels showing concentration of 4A4 scFv aliquots.
A = 4A4 scFv in IMAC elution buffer stored at -80°C 
B = desalted 4A4 scFv stored at -80°C 
C = desalted 4A4 scFv stored at 4°C 

Ovalbumin (OVA 1, 3, and 5 gg per lane) was used as 
concentration standard.
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3.3.4 Confirmation of Epitopic Specificity

Competition cell ELISA was used to demonstrate that the scFvs targeted the same epitope 

of the antigen as the parent molecule. Six columns are shown in Figure 3.3.4. The first 

column contained RPMI media only (i.e. no LHM2 Mab or scFv). This lane demonstrates 

the background optical density of the ELISA plates. The remaining five columns contained 

LHM2 Mab made up in RPMI media. Different scFvs were added to columns two to five 

and serially diluted. Where scFv is present there is competition with LHM2 for binding of 

the same HMW-MAA epitope. As the concentration of each scFv increases clear inhibition 

of binding is demonstrated, and roughly equivalent degrees of inhibition at each 

concentration suggest similar affinities for the target antigen. Inhibition of binding of 

LHM2 IgG demonstrates retention of epitope specificity of the scFvs.

Figure 3.3.4
Competition Ceil ELISA Demonstrating 
Shared Epitope of ScFvs and LHM2 IgG.

500

OD
@ 490 nm

RPMI RAFTS LHM2
ONLY

ScFvs

LHM2 IgG (500 ng/well) was incubated in the presence or 
absence o f  increasing dilutions o f  scFv. LHM2 IgG was detected 
using anti-m ouse IgG-HRP conjugate. Results are representative 
o f  3 cell ELISAs. The first lane contains RPMI m edia only 
(w ithout LHM 2 or scFv).

□  LHM2 ONLY
■  RAFT3
□  3A11
□  304  
B4A4
■  RPMIONLY
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3.3.5 Affinity Estimation

This has been calculated for all the clones examined and is discussed in Chapter 4 (See 

Chapter 4.5.6 and Figure 4.5.6).

3.4 DISCUSSION

3.4.1 Analysis of Results

3.4.1.1 Effect of Storage Temperature on Stability

Whilst much is known about induction and production conditions, less is written in the 

literature about the ideal storage temperature for recombinant scFvs. The ideal storage 

temperature for our scFvs is -80°C. Recommendations for the storage of antibody 

conjugates were made as early as 1976 [Green 1976], with early papers conferring long

term storage advantage to low temperatures [Montoya 1987; Sitaramamma 1998]. 

Prolonged storage at room temperature can result in loss of functional proteins, due to 

proteolysis [Rivera 1994]. The activity of proteolytic enzymes would be influenced by the 

purity of the scFv preparation.

A study monitoring the haemolytic activity of haemolysin stored over a period of four 

weeks at 37°C, RT, 4°C, and -80°C reported temperature-related changes in stability 

[Amoako 1996]. The haemolytic activity was completely lost after one week at room 

temperature and 37 °C. After two weeks storage at 4°C and -80°C only trace activity was 

detected, with -80°C being the better of the two conditions. The haemolytic activity was 

most stable at -80°C in the presence of Tween-80. Others have mentioned optimal storage 

conditions of -20°C [Ansorg 1986]. In some cases long-term storage of protein moieties 

can be achieved at 4°C [Wu 1999], and when combined with lyophilisation [Barbour

1995]. It is unusual for scFvs to be stored for long periods at room temperature, and still
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maintain stability, and the likely explanation is that these proteins have been designed to be 

highly stable. Peptide mapping has been used to identify temperature-related degradation 

mechanisms of 0KT3 monoclonal antibody, and could be a valuable tool for identifying 

specific amino acid residues responsible for protein degradation [Kroon 1992]. This would 

allow the use of site-directed mutagenesis to construct more stable scFv analogues.

Freezing has been shown to be the ideal solution for maintaining stability of radiolabelled 

Mabs. Mab labelled with either or and stored at -70°C for 3 days after labelling, 

appeared stable in both radiolabelling and binding studies in vitro and was still acceptable 

for in vivo use, when compared to storage at -20°C or 4°C [Huang 2000]. The formation of 

aggregates at higher temperatures may be due to thermal unfolding. This phenomenon was 

not observed with the scFv clones examined in this thesis. Proteins subjected to elevated 

temperatures or repeated ffeeze-thawing can form 'aggregates'. This would be consistent 

with the less well-folded conformation of proteins observed at elevated temperatures 

[Bolgiano 2001; Sitaramamma 1998]. Aliquoting of scFvs would reduce any degradation 

caused by repeated freeze-thawing.

3.4.1.2 Solubility

ScFvs are required at relatively high solubility and yield, and thus low solubility poses a 

number of problems. Technetium labelling requires a minimal concentration of 1-2 mg/ml 

of clinical grade material. It is known that protein samples can become unstable when 

concentrated to greater than 1 mg/ml, resulting in precipitation [Kortt 1997; Arndt 1998]. 

Previous scFv studies in patients have used between 500 pg per patient [Begent 1996] and 

5 mg per patient [Larson 1997]. One solution to the solubility problem lies in the buffers 

used to purify and store the scFvs. Whilst a number of detergents and co-solvent buffers 

have been employed to improve the solubility of recombinant proteins [Arakawa 1985; 

Kreilgaard 1998; Rodrigues-Silva 1999], there has been limited success with our scFvs 

with these strategies. Detergents and buffers would not be suitable for clinical grade 

material, and would subsequently have to be removed prior to radiolabelling and 

administration to patients.

Previous work in our unit demonstrated that scFv maintained in imidazole performs 

comparably to that stored in PBS alone in terms of radiolabelling and in vivo
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biodistribution [Hamilton, MD thesis 2001]. The presence of imidazole in the buffer does 

not adversely affect the animals used for the in vivo work, suggesting that such scFv could 

be similarly useful for patients. Toxicity with imidazole is not anticipated as most of it 

would be removed during gel filtration of the labelled scFv, or before radiolabelling, using 

desalting columns. Any residual imidazole would be unlikely to harm the patient as 

imidazole-like compounds are used as systemic anti-fungal agents without harm [Wade 

1979; Sohn 1982]. Despite the lack of toxic effects however, the presence of imidazole in 

the buffer could interfere with some radiolabelling techniques available for 

immunoscintigraphy [Waibel 1999; Baneijee 2001].

The presence of the histidine tail on some scFvs could be a causal factor in low solubility. 

The histidine tail is included for easier purification of scFvs on IMAC columns. 

Interactions between the histidine tails and other residues may be responsible for the 

aggregation seen with some of our scFv at concentrations greater than 150 pg/ml. The 

imidazole in solution might, therefore, interfere with these interactions and prevent 

aggregation and precipitation. Imidazole corresponds to the ring structure found in 

histidine and this similarity forms the basis of its function in competitively eluting 

histidine-tagged proteins from IMAC columns [Porath 1992].

Re-engineering the scFvs without the histidine tail would provide the answer to this 

question. Initial observations with the therapeutic construct R3ZZ (chapter 5), which lacks 

a histidine tail and is easily purified on an IgG sepharose column, have prompted further 

investigations. No problems have been encountered with solubility or stability for this 

clone. ScFvs can be modified to incorporate an enzymatically cleavable hexahistidine tail 

using TEV protease [Parks 1992; Parks 1994] and this strategy is being currently 

investigated in our laboratory. The convenience of the histidine tail may in the end be more 

of a hindrance than an aid for purification. The discovery of other highly efficient methods 

of protein purification (such as the rProtein L column) may signify that the need for the 

histidine tail is outdated.

Camelisation of scFvs is potentially another way of improving solubility. Camel heavy 

chains lack light chains and hence do not have hydrophobic residues in positions that 

usually interact with the light chain. In practice attempts to produce this type of structure
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are often difficult and can affect the antigen binding ability [J. Kupsch, personal 

communication; Arbabi Ghahroudi 1997]. In cases where the uncovered hydrophobic 

patches are successfully covered by hydrophilic residues the yield of soluble scFv can be 

significantly increased, but with no improvement in solubility [Nieba 1997]. This suggests 

that uncovered hydrophobic patches on scFvs cannot be the only cause of poor solubility.

3.4.1.3 Thermostability and Stability in vivo

High temperatures can promote aggregation and formation of protein aggregates 

[Rodrigues-Silva 1999]. Whilst this was found with RAFT2, this was not the case for all 

other scFvs tested in this thesis. Selection for thermal stability during evolution could in 

part explain the improved stability and yield. This concept is discussed further below 

(Section 3.4.3). Antibodies with low thermal stability tend to unfold quickly, exposing 

hydrophobic patches that associate with other unfolded molecules or with serum 

components like albumin. Because they are irreversibly unfolded tumour localization is 

poor [Worn 2001]. In contrast more stable molecules with better folding retain their 

binding activity and thus remain localized to the tumour for longer. It is also possible that 

low thermal stability denatures the fragments, increasing the effective “off-rate” from the 

receptor in vivo [Yasui 1994]. The overall stability of a two-domain protein like the scFv 

depends on the intrinsic stability of the Vl and Vh domains, as well as on the stability of 

the domain interface. In different scFv fragments different properties can be limiting for 

the overall stability [Worn 1999].

3.4.2 “Rational” Approaches To Stability Engineering

Engineering proteins for folding and thermostability can improve the biophysical 

properties of antibody fragments [Willuda 1999; Worn 1999]. The “rational” approach 

uses structure-based knowledge or sequence statistics to predict stabilising mutations, 

which are then introduced into a given fragment by site-directed mutagenesis or into a 

framework, which serves as a recipient of a complementarity-determining region (CDR) 

library [Worn 2001]. This method is favourable because stability is dependent on both the 

framework and CDR contributions. However, it can be complicated since the resulting 

change in antigen-binding affinity is unpredictable.
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3.4.2.1 CDR Grafting Unto Stable Frameworks

CDR loop grafting involves transplanting antigen-binding loops from one antibody to a 

different antibody framework [Jones 1986]. By identifying important antigen-binding 

residues on unstable scFv fragments and grafting these unto the superior framework of 

highly stable and well-folded scFvs, antibodies can be produced with improved stability 

and folding properties [Jung 1997; Worn 2000]. The expression behaviour of such moieties 

can be significantly improved whilst maintaining antigen specificity and affinity [Willuda

1999].

3.4.2.2 Increasing the intrinsic domain stability

Introducing stabilising point mutations into the framework or into the loops can increase 

the intrinsic domain stability of the Vh and Vl domains. The simplest approach uses 

sequence statistics to determine particular framework positions which may be contributing 

to stability. This method using consensus sequences has been used to predict stabilising 

mutations [Steipe 1994; Frisch 1996; Wirtz 1999]. By aligning the target sequence with 

sequences of known, well-expressed and stable scFvs, unusual residues can be identified, 

which can be mutated to produce protein moieties with improved thermostability 

[Chowdhury 1998; Knappik 2000]. An alignment to the consensus sequence, either to that 

of all antibodies or to the relevant subgroup, is a suitable first step for identifying 

potentially destabilising residues and removing them.

3.4.2.3 Manipulation of linker length

The linker length and sequence can have an effect on scFv stability [Robinson 1998]. Short 

linkers can give rise to multimerisation, and this is discussed in detail in the following 

chapter. Therefore, only a certain range of linker lengths is directly comparable for 

stability measurements. Linkers of different lengths and sequences giving rise to 

monomers have been compared without any effect on stability noted [Hennecke 1998]. 

However, others have observed that increasing the linker length from 15 to 20 and 25 

residues (i.e. in the range where monomers tend to be formed) can slightly increase scFv 

stability [Arndt 1998; Worn 2001]. Thus the routine inclusion of 25 residues in scFv 

linkers may favour the formation of monomers with increased stability.
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3.4.2.4 Disulfide-stabilized scFvs

The intradomain disulphide bond formed by highly conserved cysteine residues strongly 

influences the intrinsic domain stability of both the Vh and Vl. Without these disulphide 

bonds many scFv fragments cannot fold correctly [Glockshuber 1992]. Disulfide-stabilized 

scFv derivatives (where antibody variable regions are connected by an artificial disulfide 

bond) can be used to improve thermal stability under physiological conditions [Reiter 

1994]. This strategy can be used as an alternative to the peptide linker [Glockshuber 1990; 

Brinkmann 1993] or in addition to the linker [Young 1995; Worn 1999]. These interface 

disulphide bonds have been shown to increase the stability of scFv fragments against 

thermal aggregation [Young 1995], dénaturants [Worn 1999] and proteases [Dooley 1998] 

and showed improved targeting when used for tumour imaging or therapy [Reiter 1996a].

However, there are a number of disadvantages to this method of stabilization. The presence 

of the interface disulphide decreases the functional yield, and these disulphide-bridged 

scFvs thus require refolding [Young 1995]. Disulphide bond formation also requires an 

oxidizing environment, and thus this method cannot be used to stabilize cytoplasmically 

expressed intrabodies. Thus additional strategies to stabilize the Vh-Vl interface would be 

required, i.e. the use of yeast rather than E. coli as expression hosts to introduce disulphide 

bonds [FitzGerald 1997].

3.4.3 Evolutionary Approaches For Stability Engineering

Evolutionary approaches can also be used for stability engineering. A scFv selected for its 

antigen binding ability is used to generate a library of randomised mutants. The library is 

then subjected to selection pressures such as phage display [Winter 1994], ribosome 

display [Hanes 1997] or bacterial display [Francisco 1993], which put emphasis on the 

selection of fragments with increased stability. Such selection systems have the potential to 

select for a “compromise” of different scFv properties such as stability, expression, 

affinity, and dimérisation tendency. The challenge is thus to find selection conditions that 

favour a combination of desirable properties at the expense of the others.
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3.4.3.1 Phage Display

Random mutagenesis of proteins followed by phage display can impose a strong selection 

pressure for stabilising mutations [Braisted 1996]. A deliberate initial destabilisation can 

be achieved by removing the intradomain disulphide bonds to increase selective pressure 

[Proba 1998]. Stabilising mutations can be selected by phage display and can stabilise the 

scFv fragment after the disulphide bonds are reintroduced [Worn 1998]. “Temperature- 

stress” guided selection is a general way of selecting for high stability by phage display 

[Jung 1999]. Different stress incubation conditions such as high temperature are tested 

before the panning steps, and then with each round of phage display, the stress in increased 

in a stepwise fashion. This has been shown to select for scFvs with high thermal stability. 

Another approach of selecting for stability by phage display is the selection for resistance 

against proteases [Kristensen 1998; Sieber 1998]. Proteolytic selection would select for 

well-folded (stable) proteins and may be used to select de novo proteins.

3.4.3.2 Ribosome Display

Ribosome display is an in vitro method for selection of scFv fragments [Hanes 1997]. This 

method uses the destabilising strategy of reducing the disulphide bonds (critical for scFv 

stability) during in vitro protein folding and antigen-binding. As this procedure is carried 

out entirely in vitro, it can be combined with PCR-based mutagenesis methods, such as 

error prone PCR [Fromant 1995]. There are a number of advantages over in vivo 

approaches like phage display. In vivo approaches can be limited by transformation 

efficiency [Hanes 1998], and the repeated construction of libraries with more than 10  ̂ to 

10̂ ® clones is very laborious. These limitations are overcome by ribosome display. This 

strategy would be difficult to adopt here, as pure HMW-MAA is not available.

3.4.4 Bacterial Expression

Stability of scFv fragments is related to the Escherichia coli expression yield. The 

expression yield can vary dramatically, even if the antibody gene is expressed in the same 

format, vector, and expression strain. This has been shown to be dependent upon 

molecular folding, which is influenced by the antibody sequence as discussed above. 

Critical amino acid residues located at the Vh-Vl interface may be responsible for the

112



Antibody Preparation

misfolding, aggregation or toxic effects in E. coli, resulting in poor expression yields. 

Mutating those residues has been shown to improve expression yield, without affecting 

binding affinity [Deng 1994; Knappik 1995; Nieba 1997].

In cytoplasmic bacterial expression where scFvs are made in a reduced form, a good 

correlation has been reported between stability and functional yield of soluble scFv protein 

[Frisch 1994; Martineau 1998]. In the cytoplasm intradomain disulphide bonds cannot 

form and thus stability is usually the limiting factor for efficient folding in the cytoplasm. 

In contrast, bacterial expression of some scFvs in the periplasm can be poor [Worn 1999], 

the reasons for this are only partly understood. Periplasmic expression of scFvs is limited 

by the in vivo folding efficiency. Proteins expressed in the periplasm do form intradomain 

disulphides and are thus more stable than when expressed in the reducing cytoplasm. Often 

there ceases to be a relationship between stability and expression behaviour suggesting 

other factors, such as secretion, toxicity, and codon usage can limit the yield in addition to 

stability [Knappik 1995; Miller 1998; Schuler 1998].

Co-expression of periplasmic factors, which may improve the yield of folded antibody, is 

another method, which could be used in conjunction with protein engineering. Certain 

periplasmic factors have been found to increase the yield of periplasmic antibody 

fragments [Bothmann 1998; Bothmann 2000]. The effect of co-expression on yield is 

variable, and can result in a small increase in the yield of “happy clones”, or a large 

increase for “unhappy clones”.

3.4.5 Vector Expression

Expression of our RAFT scFvs series in pUCl 19 is moderate. Alternative vectors could 

therefore be considered for producing more soluble scFv. The pBAD/glll plasmids are 

pUC-derived expression vectors designed for regulated, secreted recombinant protein 

expression and purification in E. coli [Lee 1992; Schleif 1992]. The gene III signal 

sequence allows secretion of the recombinant protein into the periplasmic space. In the 

presence of L-arabinose optimal expression of soluble secreted scFv can be obtained [Lee 

1992; Schleif 1992]. Limited success has been achieved in our unit so far with this vector.
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There has been no improvement in expression yield of RAFT3 scFv, and some scFvs 

transformed into this vector have subsequently failed to bind melanoma [V, Joshi, personal 

communication]. Other more tightly regulated promoters (i.e. tet, phoA, and lambda) have 

also been associated with improved yield [Power 2000]. Alternatively, heat-inducible 

vectors can be used. Improved yields have been reported with these vectors, which may 

further enhance scFv expression [Power 2000]. Heat does not seem to promote stability of 

our scFvs. However, one could deliberately screen for scFvs that maintain expression in 

heat-inducible vectors, thereby selecting heat stable clones. Alternative vectors have also 

been described which produce yields of scFvs up to 1 g/1, representing over 50% of the 

total recoverable bacterial proteins [Skerra 1994; Zhu 1996]. They supersede vectors with 

ieaky’ promoters {lac & tac) which are not always effectively expressed.

3.4.6 Alternative Formats

Alternative formats may be another way of improving stability. The helix-stabilised Fv 

(hsFv) fragment has been compared to other recombinant fragments and shown to have 

improved bacterial growth and expression over Fab fragments [Skerra 1991], as well as 

improved stability over Fv fragments [Arndt 2001]. HsFvs tend to form stable oligomers of 

approximately 37 kDa (compared to 28 kDa for scFvs) and are achieved by combining an 

Fv fragment with a coiled heterodimerisation unit via a flexible linker. This format 

produces the same amount of high-yield functional and stable proteins as the scFv 

fragment, but at the cost of multimerisation (Figure 4.1).

The stability of the hsFv may result from the Fv domains and the coiled-coil domains 

which stabilise each other. The linker connecting each variable chain of the antibody with 

one helix (coiled-coil) of the heterodimerisation domain is designed to avoid strain on the 

Vh-Vl assembly, thus increasing its stability. The rapid folding of the coiled-coil domain is 

likely to put the Vh and Vl domains in the right orientation for optimal folding [Sosnick

1996]. The hsFv format has potentially several advantages over the scFv fragment. A free 

N-terminus of the Vh and Vl domain is required by some antibodies for high affinity 

binding; this can be blocked in some scFvs but is free in the hsFv [Arndt 2001]. The linker 

of scFvs can also directly or indirectly interfere with folding and antigen binding in some
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antibody fragments, resulting in apparent reduction in affinity or numbers of functional 

moieties when compared to corresponding Fab or Fv fragments [Bird 1988; Huston 1988; 

Pantoliano 1991]. In addition, expression of functional molecules in the hsFv format is 

allowed which is often not possible once disulphide bridges have been introduced to form 

disulphide-stabilised Fv fragments (dsFv). In terms of imaging applications, the small size 

and dimeric state of the hsFv should allow rapid serum clearance. While the behaviour of 

the hsFv fragments are yet to be studied in vivo, these qualities make it an attractive 

alternative to the scFv fragment, in cases where expression of antibodies in this format is 

difficult. However these qualities are obtained at the expense of multimerisation.

3.5 CONCLUSIONS

The results presented here suggest that simple changes in purification and storage protocols 

can be as effective for improving stability and solubility as the more complex methods of 

stability engineering reviewed in this chapter. Modification of storage conditions can 

improve the solubility of scFvs. A low temperature seems ideal for storing scFvs. The 

removal of imidazole using desalting columns also allows long-term maintenance of scFv 

solubility and binding ability for up to 48 hours at 4°C, and indefinitely at -80°C.

Numerous reports have described complex strategies (“rational” and “evolutionary”) for 

improving stability and solubility. The best results may require a combinational approach. 

It is important to determine the biophysical properties of individual fragments such as 

folding, and develop more efficient methods of accurately predicting properties relevant 

for stability. With fine-tuning, evolutionary methods such as phage display, can offer new 

and possibly better solutions to the stability problem in individual cases. A combination of 

these approaches could allow easier and faster selection of stable scFv fragments.

We have shown that light chain shuffling of a mouse Mab derived anti-HMA-MAA scFv 

can result in significant improvements of scFv yield and melanoma binding with retention
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of high melanoma specificity in vitro. This raises the possibility that selection of these 

scFvs led to the isolation of clones with superior in vivo melanoma targeting properties. 

The initial scFv RAFT2 was poor in terms of yield, stability, and solubility. Chain- 

shuffling produced better clones, although no effort was made at the time to select for a 

single property such as stability. The scFvs studied show increasing yield, stability and, 

solubility, whilst maintaining melanoma binding. In our series such selection may even 

allow for the isolation of clones with a tendency towards multimerisation (Chapter 4). The 

concept of Darwinian selection is further explored in Chapter 4. This concept, to our 

knowledge, represents the first attempt to use survival by Darwinian selection of an 

antibody phage library as a criterion to predict efficient in vivo tumour targeting.

Overall, the data contained in this chapter have demonstrated that useful amounts of 

soluble, stable anti-melanoma scFv can be produced. There is thus the potential to apply 

deliberate selection for stability and thus isolate potentially better clones for tumour 

targeting. The subsequent chapters in this thesis will examine the in vivo targeting of these 

scFvs, as well as strategies aimed at improving tumour targeting and reducing renal 

accumulation (Chapter 4). Finally we will explore how such scFvs can be manipulated to 

create therapeutic constructs (Chapter 5).
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4.1 INTRODUCTION

Increased valency and molecular weight have been identified as key features in optimising 

the design of antibody fragments for tumour targeting. ScFv multimers (60-120 kDa) are 

significantly larger than monomers (28 kDa) and thereby have the advantage of improved 

tumour targeting and rapid tumour penetration, without fast renal clearance time and high 

renal accumulation [Hudson 1999]. Multimerisation leads to higher functional affinity by 

increasing the number of binding sites. The molecular weight is also increased, extending 

the serum persistence of molecules in the circulation, because they are not filtered into the 

glomeruli [Pack 1992; King 1994]. For molecules that are too large to pass this filtration 

barrier, the prolonged blood persistence provides a greater opportunity for binding to target 

antigens.

Monomeric scFvs are small monovalent molecules, which are rapidly cleared fi*om the 

circulation [Begent 1996]. Unfortunately, the monovalent nature confers a disadvantage to 

scFvs, resulting in limited uptake and retention in tumour xenografts, and can render 

tumour images sub-optimal [Larson 1997]. In contrast, the whole monoclonal antibody is a 

polyvalent molecule with relatively improved functional affinity (avidity) when compared 

to monovalent Fab fragments and scFvs. A similar increase in avidity is therefore possible 

when scFv fragments are complexed into larger aggregates (i.e. dimers, trimers, and 

tetramers) [Pliickthun 1997; Willuda 2001]. An inverse relationship between molecular 

weight and tumour penetration does exist however, as seen with whole Mab, and a 

compromise is thus required between molecular weight and tumour penetration. Also of 

importance in these multimeric molecules is the flexibility between antigen-binding sites 

allowing effective cross-linking of antigen target molecules [Wu 1999].

The ideal multimer should exhibit slow blood clearance allowing adequate time for tumour 

uptake. Higher valency and avidity provides multiple antigen-binding sites, effectively 

reducing the ‘off-rates’, thereby allowing increased antibody retention by the tumour. A 

multivalent protein capable of binding more than one antigen site, will bind with a greater 

free energy than one that can only bind a single antigen site [Pluckthun 1997]. Many scFv
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fragments have been reported to form dimers (diabodies) to some extent, where the V h 

domain o f one chain is paired with the V l domain o f another chain, and vice versa [Essig 

1993; Holliger 1993; Whitlow 1993; Whitlow 1994; Desplancq 1994]. Various strategies 

have been investigated to modify the size and valency o f  antibody fragments, thereby 

enhancing tumour targeting. These designs have included alteration o f scFv peptide linkers 

to form diabodies [Holliger 1993; Kortt 1997] and triabodies [Iliades 1997], disulphide 

linkage o f scFvs through C-terminal cysteine residues [Cumber 1992; Adams 1993; 

Kipriyanov 1994], and tandem linkage o f two scFvs by an additional peptide linker 

[Gruber 1994; Mallender 1994; Kurucz 1995; De Jonge 1995; Mack 1995; Schmidt 1996]. 

Alternatively, fusions o f scFvs to additional protein domains such as streptavidin, Ig kappa 

constant regions and leucine zippers have been used to produce multimers [Kostelny 1992; 

Pack 1992; McGregor 1994; Dubel 1995; Hu 1996], with varying degrees o f success. 

Some examples are shown in Figure 4.1.

Figure 4.1 Diagram of Recombinant Antibody 
Fragments

Camelised
VH VH Fv scFv dsFv

0 - 0 - C d
Diabody Dimer Helix-stabilised

Fv (hsFv)

c m

Disulphide-linked
scFv

Disulphide-stabilised
diabody

Triabody
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It should be possible to combine these with other multimerisation strategies to produce a 

large array of multimers with differing properties for imaging and therapy. Previous 

studies have shown that multimers exhibit improved tumour targeting, as measured by 

tumour-to-normal tissue ratios, compared to monomeric scFvs [Adams 1998a; Adams 

1998b; Fitzgerald 1997]. We have produced monomeric and multimeric anti-melanoma 

antibody fragments for the purpose of imaging. This chapter describes the effect of 

multimer formation on tumour targeting in an animal model.

4.2 MULTIMERISATION STRATERGIES

4.2.1 Shortening of ScFv Peptide Linker

The scFv is composed of the heavy chain variable domain (V h) and light chain variable 

domain (V l) joined by a short polypeptide linker. The linker is designed to prevent the 

association of the Vh and the V l domains from the same chain. Multimers can be produced 

by altering the length of the peptide linker between the V domains of the scFv fragment. 

The linker region is shortened to prevent refolding of the molecule into the normal, paired 

orientation of the V domains, and thus forces the spontaneous formation of stable dimers 

(so-called diabodies) with two antigen-binding sites via non-covalent bonds [Holliger 

1993]. Reducing the linker length to less than 3 amino acid residues forces scFv 

association into trimers (triabodies, -90 kDa) or tetramers (120 kDa) [Dolezal 2000]. This 

produces molecules with increased avidity as well as increased size, bringing the 

molecules above the threshold for renal reabsorption [Rennke 1978], and thus reducing 

renal clearance and accumulation.

The fraction of dimer formed is dependent on linker length (with short linkers between five 

and ten amino acid residues forming almost quantitatively dimer), but also on external 

parameters such as ionic strength, pH, and the presence or absence of antigen [Arndt
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1998]. Different scFv fragments with intermediate linker lengths also differ greatly in the 

amount of dimer formed, but the details of this phenomenon are yet to be fully understood. 

Diabodies can be constructed to be bivalent or bispecific. In the latter case these 

beterodimeric scFvs target two different antigens or antigenic epitopes [Atwell 1996] and 

have been shown to be effective in retargeting cytotoxic T cells to kill lymphoma cells 

[Holliger 1996] or breast cancer cells [Zhu 1996]. Diabodies therefore possess 

considerable potential for immunotberapeutic and diagnostic applications.

4.2.2 Disulphide Bond Formation With Cysteine Residues

ScFvs can be engineered with unpaired cysteine residues to allow dimer formation via a 

disulpbide bond. Antibody fragments with unpaired cysteines have been produced in E. 

coli [Cumber 1992; Rodrigues 1993; Fitzgerald 1997], by fusing these residues onto the C- 

terminus end of the Vh chain [Kipriyanov 1994]. The presence of the sulfbydryl group can 

allow site-specific chemical manipulation to form dimers. Dimer formation can also occur 

spontaneously under some conditions. This allows not only the formation of monospecific 

dimers for immunodetection, but facilitates the creation of bivalent dimers for 

immunotherapy.

4.2.2.1 TOP 10 Strain of E. coli

E. coli lacks disulpbide isomerase, required to catalyse dimer formation through sulpbydrl 

groups. As a result, dimer formation does not usually occur during expression in the 

reducing environment of the cytoplasm but after secretion into the oxidising environment. 

Whilst the formation of disulpbide bonds has not been thought to be spontaneous, the 

cysteine can be used to generate disulpbide bonds during refolding and chemical cross- 

linking after scFv purification [Cumber 1992]. Such dimers can have improved thermal 

stability as well as enhanced tumour targeting [Cumber 1992; FitzGerald 1997]. Best 

results have been obtained with cysteines engineered at the V domain interpbase of an Fv 

[Glockshuber 1990], but this strategy requires knowledge of the three dimensional 

structure of the recombinant protein, with variable success [Fitzgerald 1997], and can 

result in a reduction of expression yield [Pluckthun 1997; Waibel 1999].
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4.2.2.2 Origami Strain of E. coli

Disulphide bonds are formed in the periplasm, but are not normally present in the 

cytoplasm of bacteria except those produced by enzymes such as ribonucleotide reductase 

[Pollit 1983; Derman 1991]. This is due to the reducing environment in the bacterial 

cytoplasm, which is maintained by two systems, the thioredoxin pathway and the 

glutathione/glutharedoxin pathway [Aberg 1989; Zheng 1998]. However, disulphide bonds 

can be formed in bacteria if components from either of these systems are missing. One 

method of disulphide bond formation involves the inactivation (by mutation) of the gene 

{trxB) encoding the enzyme thioredoxin reductase [Stewart 1998]. This process is 

dependent on the presence of thioredoxins 1 and 2 in the bacterial cell. The oxidised forms 

of these thioredoxins directly catalyse disulphide bond formation in alkaline phosphatase 

expressed in the cytoplasm, a reversal of their normal role.

The Origami strain of E. coli bacteria allows formation of intradomain disulphide bonds 

via the expression of thioredoxins, and this has been used to improve the folding of 

proteins [Stewart 1998]. We reasoned that this strategy could also be adopted to form 

multimers using scFvs containing unpaired cysteine residues at the C-terminus. This 

strategy of multimer formation has not been used in the published literature. Initial 

experiments with TOPIO E. coli using scFvs containing unpaired cys-residues had failed to 

show formation of dimers. We therefore set out to transform these same scFvs into E. coli 

Origami to investigate whether dimérisation would occur. The results are described in 

section 4.5.

4.2.3 Naturally Evolved Multimers

A simple alternative multimerisation strategy is to use a combination of the “rational” 

approach and “directed evolution” to isolate scFvs with a natural tendency to 

multimerisation. These two approaches have been discussed in detail in the previous 

chapter as a means of selecting for stability. The evolutionary approach can be adapted 

such that selection pressures place a bias towards selection for multimerisation. Antibodies 

undergo cycles of genetic diversification followed by Darwinian selection for a desired 

property. Selection for multimerisation could be one of these properties. As this strategy
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had not been explored in the published literature, further examination of these clones was 

thus warranted to determine if this were the case.

Four clones were ranked according to their ability to survive to later rounds of selection. 

The clones examined were RAFTS, 3A11, 3C4, and 4A4. RAFTS, 3C4, and 3A ll were 

selected after 3 rounds of phage selection, and 4A4 after 4 rounds of phage selection on 

melanoma cells. The in vivo properties of RAFTS and 3A ll  scFvs have already been 

studied [Kang, MD thesis 1997; Hamilton, MD thesis 2001]. Those of 4A4 and 3C4 scFvs 

are examined in this chapter.

4.2.4 Aims

The aims of this chapter were to explore novel multimerisation strategies {in vivo 

disulphide bond formation and evolution), and determine which strategy produced stable 

multimers suitable for in vivo tumour targeting. The in vitro and in vivo properties of these 

multimers were studied in detail, and the role of evolutionary selection explored. For 

completion, these multimers were compared with archival data of studied monomeric 

scFvs (3A11 scFv: Hamilton, MD thesis 2001 and B4 scFv: Kang, MD thesis 1997].

4.3 MATERIALS AND METHODS {In vitro)

4.3.1 Design and Choice of Multimers

Three strategies were explored to make multimers. These were:

a) the addition of cysteine residues to scFvs for the formation of disulphide bonds 

in the TOP 10 strain of E. coli bacteria
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b) the transformation o f cysteine-containing seFvs into the Origami strain o f E.

coli bacteria 

e) natural multimers selected by evolution

Dr Jorg Kupsch designed all the scFvs used and produced their bacterial glycerol stocks. 

For the purposes o f these experiments I was responsible for producing and purifying these 

scFvs from bacterial glycerol stocks (provided by Dr Jorg Kupsch) and conducting all 

subsequent experiments unless otherwise stated. I was responsible for confirming epitopic 

specificity, affinity determination, thermal stability determination, and all in vivo  work, 

with the following exceptions: B4 scFv in vivo data, B4 affinity and LHM2 affinity 

provided by N Kang (MD thesis).

Figure 4.3.1 Formation of Cysteine-containing ScFvs

B4 scFv

(I) m
oo

1
gene III B4 scFv c-myc cys j stop pUC19

Other scFv

gene Ilf Other scFv c-myc cys stop
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4.3.1.1 Design Of Disulphide-linked Dimers Using Additional Cysteine Residues

The B4 scFv was PGR amplified with a 3’ primer that fuses a single cysteine residue 

directly to the C-terminus. This was cloned Hindlll/EcoRI into pUC19, forming the B4cys 

scFv. Subsequent cys-containing constructs were made by replacing the Sfil/Notl scFv 

insert of B4cys with other scFvs (Figure 4.3.1). Dr Jorg Kupsch carried out the steps 

above. The remaining experiments were carried out by myself. The transformed bacterial 

cells were plated out on LBapioo with 2% D-glucose. Two clones each were picked and 

small-scale scFv inductions with IPTG were made. The culture supernatants were analysed 

by Western blot under reducing and non-reducing conditions (Figure 4.5.2). All clones 

were tested in cell ELISA for melanoma binding and by Western blot. The best clone 

3A1 leys was selected for in vivo work.

4.3.1.2 Design of Multimers Using the Origami Strain of E. coli

A number of cys-scFvs (and non-cys-scFvs) were transformed into Origami^^ competent 

cells (by Dr Jorg Kupsch and myself). The transformed cells were plated out on LBapioo 

with 2% D-glucose. Two clones each were picked and small-scale scFv inductions were 

made. Induction conditions were optimised and differed for each clone tested. The culture 

supernatants were analysed by Western blot under reducing and non-reducing conditions. 

The best clone B4cys(or) was selected for in vivo work. This clone also forms dimers in 

the TOP 10 strain of E. coli. B4, the scFv cloned into the cys vector to form B4cys(or) 

does not bind the same epitope as HMW-MAA, and the epitope remains unknown [Kang, 

MD thesis 1997]. All DNA sequences were confirmed.

4.3.1.3 Design Of Naturally Evolved Multimers

As described in the previous chapter our scFvs were selected for improved stability by 

phage display. After four rounds of phage selection (on melanoma cells) of the shuffled 

library, approximately 90% of the clones bound melanoma. The collection was cloned in 

bulk from phage selection vector pCantab5 into pUC119his (by Dr Jorg Kupsch). Of 96 

clones selected for melanoma binding, 4A4 scFv was one of the best and most frequently 

isolated clones. This clone as well as 3A ll and 3C4 scFvs had the highest yields of the 

group and were thus selected for further in vivo work by myself, to determine if they 

formed multimers. 3A ll scFv has already been studied [Hamilton, MD thesis 2001] and is 

included here to complete the series.
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4.3.2 Production and Purification of Multimers

B4cys(or) bacteria were stored as glycerol stocks at -80°C (500 |il bacterial overnight 

culture mixed with 500 |il sterile glycerol (BDH)). To inoculate bacterial cultures, a sterile 

pipette tip was dipped into the glycerol stocks. The pipette tip was ejected into a 

polypropylene tube containing 10 ml of LB media + 100 pg/ml ampicillin (Boeringer 

Mannheim) + 2% D-glucose (LBqa) (50 ml LBqa for large-scale cultures and 1.5 ml for 

small-scale cultures). The inoculated culture was placed overnight in a rotary shaker at 

37°C and 250 rpm.

Overnight cultures were diluted 1/100 in the morning in LBqa and shaken at 250 rpm for 

10 hours at 37°C to an ODeoo of approximately 1.5. For large-scale inductions a 1-litre 

culture was produced from a 10 ml overnight culture. At 10 hours, the bacteria were 

pelleted and the supernatant poured off. For large-scale inductions, the bacteria were 

resuspended in 1 litre of LB containing 100 pg/ml ampicillin and 500 pM isopropyl-thio- 

galactoside (IPTG). Optimum conditions for induction of individual scFvs in large-scale 

bacterial culture have been determined empirically [Gundogdu unpublished]. Cultures 

were then shaken overnight (for 16-18 hours) at 37°C and 250 rpm.

3C4, 3A1 leys and 4A4 scFvs were expressed in E. coli TOP 10 and made from a standard 

one-litre induction (section 2.2.10). Briefly, a 10 ml culture (LB qa) containing a pipette tip 

stabbed into bacterial glycerol stocks was grown at 30°C overnight in a rotary shaker (250 

rpm). In the morning overnight cultures were made up to one L and shaken at 250 rpm for 

6 hours at 30°C, to an OD^oo of approximately 1.5. At 6 hours, the bacteria were pelleted 

and the supernatant poured off. The bacteria were resuspended in one L of LB containing 

100 pg/ml ampicillin and 100 pM IPTG. Optimum conditions for induction of individual 

scFvs in large-scale bacterial culture have been determined empirically [Kang, MD thesis 

1997]. Cultures were then shaken overnight (for 16-18 hours) at 30°C and 250 rpm.

All scFvs were purified by IMAC purification on His-trap chelating sepharose columns 

(Amersham Pharmacia Biotech) (Chapter 2.3.5). ScFvs were concentrated to 1 ml in 

IMAC elution buffer and aliquoted before storage at -80°C. For the purpose of these 

experiments, the scFvs were not desalted. They were analysed by Western blot (section
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2.4.4) and by cell ELISA on melanoma cells (section 2.5.3). Further analysis of the scFvs 

was by low-pressure gel filtration (section 2.3.7) on Sephacryl-200HR columns 

(Pharmacia). One-ml aliquots were collected and scFv fragments detected by direct 

ELISA.

4.3.3 Confirmation of Epitopic Specificity

In order to demonstrate that the various clones (with the exception of B4cys(or)) still 

bound the same epitope of HMW-MAA, a competition cell ELISA was set up. The wells 

were initially loaded with 500 ng of LHM2 IgG (parent mouse monoclonal antibody) per 

well and serial dilutions of all scFvs (RAFT2, RAFT3, 3A11, 3A lleys, 3C4, 4A4, and 

B4cys(or)) were carried out across the plate from 500 to 1 ng per well. LHM2 IgG binding 

was detected using rabbit anti-mouse IgG-HRP conjugate (Dako), which does not cross- 

react with scFv. The ELISA cell was completed as previously described (Section 2.5.3) 

and the plate read at 490 nm.

4.3.4 Affinity Determination

The antigen binding constants of the scFvs were determined from competitive ELISA 

above, according to Schodin et al [Schodin 1993]. The affinity constants were calculated 

on the basis of the equation described by Cheng et al [Cheng 1973] (Section 2.7.3).

4.3.5 Thermal Stability in IMAC Elution Buffer and in Human Serum

It is important that scFvs for clinical use are able to withstand the high temperatures and 

the proteases encountered in the blood, when administered to patients. As all our scFvs 

were designed for in vivo use, all clones were tested for in vivo stability. To investigate the 

role of proteases in stability of the clones, aliquots of all the scFvs were incubated 

overnight (18 hours) at 37°C in the presence of human serum. To investigate the role of 

temperature in stability, these same clones were incubated overnight at 37°C in the IMAC
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elution buffer but in the absence of human serum. The following morning the scFvs were 

tested in cell ELISA for melanoma binding, using as positive controls scFvs stored at - 

80°C. They were also tested in Western blot for the presence of proteolytic degradation 

products, using as positive controls aliquots of the same scFv stored at -80°C.

4.4 P7F0 METHODS

The scFv multimers were examined for their in vivo targeting properties. 3C4, 3A lleys, 

4A4, and B4cys(or) scFvs were examined. B4 and 3A11 scFvs (monomeric scFvs) have 

been examined in vivo [Kang, MD thesis 1999; Hamilton, MD thesis 2001]. They are the 

monomeric equivalents of B4cys(or) and 3A lleys scFvs, respectively, and are included 

here for comparison.

4.4.1 Production and Purification ScFvs

All scFvs were made from 1 -litre cultures as described earlier (Section 2.2.10). ScFvs were 

purified on His-trap chelating sepharose columns™ and collected fractions were then 

assayed by SDS-PAGE (Coomassie staining) and by Western blotting under reducing and 

non-reducing conditions to establish the fractions containing scFv and confirm its purity 

(Section 2.3). Purification of all multimers was followed by analysis by gel filtration 

(Section 2.3.7) to confirm molecular weights.

4.4.2 Radiolabelling

Radiolabelling was carried out using the lodogen'^’̂  method (Pierce) and as the 

radiolabel (Section 2.6). Immuno-reactivity after labelling was assessed by comparing 

equivalent amounts of scFv to cold antibody in cell ELISA (Section 2.5.3).
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4.4.3 Biodistribution and Pharmacokinetics

Biodistribution data were obtained in Balb/c nu mice bearing human melanoma xenografts 

(Sections 2.8 & 2.9). 0.5 pg of iodine-125 labelled scFv in 100 |il PBS was injected via the 

tail vein and the mice euthanased at appropriate time points. Three to five mice were used 

for each time point. Anti-CD 18 scFv (directed against a white blood cell antigen) was used 

as a negative control for all experiments. Mice were sacrificed at 1, 3, 6 and 18 hours after 

injection. A blood sample was obtained by cardiac puncture and organs removed for 

weighing and gamma counting. The tumour, blood, both quadriceps, both femurs, spleen, 

liver, kidneys and lungs were counted. Results were expressed in terms of percentage of 

the injected dose per gram of tissue (%ID/g) and from this, tumour-to-normal tissue ratios 

(T:NT) were calculated.

4.5 /iV F/raO  RESULTS

4.5.1 Selection and Purification of ScFvs Expressed in E, coli Origami

A number of cysteine and non-cysteine containing scFvs were transformed into the 

Origami strain of E. coli. Following a standard small-scale induction these scFvs were 

tested in cell ELISA for melanoma binding and in Western blot under reducing and non

reducing conditions. Only the cys-scFvs formed disulphide-linked multimers visible under 

non-reducing conditions (Figure 4.5.1a). Under reducing conditions single bands 

corresponding to 28 kDa were seen. Under non-reducing conditions, disulphide bonds 

remained intact and bands corresponding to dimers (56 kDa) were also visible. For the 

non-cysteine scFvs only monomeric bands were seen under both reducing and non

reducing conditions. The efficiency of multimerisation depended on the cys-clone used and 

the induction conditions, which have been determined empirically [Kupsch & Gundogdo, 

personal communication].
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Figure 4.5.1a Western Blot of ScFvs Transformed Into 
Origami Strain of E. Coli

56 kDa

28 kDa
NR NR NR NR

B3 B3cys B4 B4cys RAFT3
P o sitiv e
co n tro l

Western blot o f  scFvs transformed into Origami strain o f  E. coli. Only the 
cysteine-containing clones (cys) show the formation o f  multimers under 
non-reducing conditions (NR). The dimers run as monomers under reducing 
conditions (R).

Figure 4.5.1b Western Blot Showing B4cys(or) scFv Eluted 
Following IMAC Purification

•----- - —  A #

m
56 kDa

" 28 kDa

R NR R NR R NR R NR

30 mM 50 mM 200 mM 400 mM
Imidazole

Concentration

Western blot showing B4cys(or) scFv eluted from His-trap gel with a 
stepped gradient of imidazole. Multimers are only seen under non
reducing conditions (NR).
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The best clone transformed into the Origami strain o f E. coli was B4cys(or). 600 jig o f  

B4cys(or) scFv was produced from large scale induction at 37°C (Figure 4.5.1b) and 

purified by IMAC purification using a stepped gradient o f imidazole. ScFv fractions tested 

in Western blot under reducing and non-reducing conditions showed that increasing 

amounts o f scFv (monomer and dimer) were eluted with increasing concentration o f  

imidazole. This was maximal with 200 mM imidazole. With 400 mM imidazole, no further 

scFv (dimer) was eluted from the gel. B4cys(or) scFv was aliquoted and stored in IMAC 

elution buffer at -80°C.

Figure 4.5.2

56 kDa

28 kDa

Western Blot of Cys-scFvs (TOPIO E. coli)

R NR R NR R NR R NR R NR R NR R NR

^  ^  ^  
A B C D E F G

Western Blot of  sc F vs transformed into the cysteine vector, run under 
reducing (R) and non-reducing (NR) conditions. All formed dimers visible 
under non-reducing conditions. 3A I leys scFv (G) formed the most dimers.

4.5.2 Selection and Purification of TOPIO cys-ScFvs

A number o f scFvs were successfully transformed into the cysteine vector. Following a 

standard small-scale induction these scFvs were tested in cell ELISA for melanoma 

binding and in Western blot under reducing and non-reducing conditions. All the scFvs
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formed dimers visible under non-reducing conditions (Figure 4.5.2). Under reducing 

conditions single bands corresponding to 28 kDa were seen. Under non-reducing 

conditions, bands corresponding to dimers (56 kDa) were also visible. The efficiency of 

multimerisation depended on the clone used. The best clone was 3A1 leys. This clone was 

the most efficient at forming stable dimers after large-scale induction and purification with 

a yield of 1-2 mg per litre induction (Table 4.5.4).

4.5.3 Selection and Purification of 3C4 and 4A4 scFvs

3C4 and 4A4 scFvs selected after 3 and 4 rounds of phage selection, respectively, were 

selected because of their high yields and the possibility of multimerisation. 3C4 and 4A4 

scFvs were made from a standard 1-litre induction at 30°C, and following IMAC 

purification, gave yields of 3 and 4 mg/1 induction, respectively (Table 4.5.4). 3C4 and 

4A4 scFv fractions were tested on Western blot under reducing and non-reducing 

conditions (data not shown). Under non-reducing conditions only one band was seen 

corresponding in size to a monomer, indicating that if there were multimers present, these 

were not linked by disulphide bonds. Both scFvs were aliquoted and stored in IMAC 

elution buffer at -80°C.

4.5.4 Molecular Weight Estimation of ScFvs

Molecular weight estimation of all scFvs was by low-pressure gel filtration on Sephacryl- 

200HR. Detection of scFv by direct ELISA confirmed that B4cys(or) emerged in two 

peaks corresponding to a mixture of monomer and dimer (Figure 4.5.4a and Table 4.5.4). 

3A1 leys emerged in two peaks corresponding to a mixture of monomer and dimer (Figure 

4.5.4a). 4A4 emerged as three peaks corresponding to a mixture of trimers, dimers, and 

monomer (Figure 4.5.2b and Table 4.5.4). Attempts were made to separate monomers fi*om 

multimers by gel filtration, but the equipment required (High Pressure Liquid 

Chromatography HPLC) was not available in our laboratory. The low-pressure gel 

filtration column was not suitable for separating (or quantifying) the monomers from the
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multimers for in vivo use, B4cys(or), 3A1 leys, and 4A4 scFvs were thus used as mixtures 

o f monomers and multimers in all experiments. B4, 3A11, and 3C4 scFvs emerged as one 

peak, corresponding in size to monomers (28-30 kDa). The elution profiles for the 

monomers were similar, but only that o f 3C4 is shown (Figure 4.5.4b).

Table 4.5.4 Molecular Weight Estimation by 
Low-pressure Gel Filtration

ScFv
Size kDa Yield 

(per litre 

induction)
Monomer

28

Dimer

56

Trimer

84

B4 + - - 150 pg/ml

B4cys(or) + + - 600 pg/ml

3A11 + - - 1 mg/ml

3A11cys + + - 1-2 mg/ml

3C4 + - - 2-3 mg/ml

4A4 + + + 4 mg/ml

Figure 4.5.4a Elution Profiles of B4cys(or) and 3Allcys 
scFvs Follow ing Gel Filtration

1.4
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?
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0.6

0.4

0 .2 j''

0
0

56 kDa 28 kDa
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B4cys(or)

56 kDa 28 kDa

2.5

1.5

0.5

90 30 40 50 60 70 80 90

3A1 leys

B4cys(or) and 3AI leys scFvs emerged in two peaks 
corresponding in size to a mixture o f monomers and dimers, 
but in different proportions.
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Figure 4.5.4b Elution Profiles of 4A4 and 3C4 scFvs 
Following Gel Filtration
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4A4 scFv emerged in three peaks corresponding in size to a 
mixture of monomers, dimers, and trimers. 3C4 scFv emerged 
as one peak corresponding in size to monomers.

4.5.5 Confirmation of Epitopic Specificity

Competition cell ELISA was used to demonstrate that the scFvs targeted the same epitope 

o f the antigen as the parent molecule. Inhibition o f binding o f LHM2 IgG was assayed and 

the results are shown in Figure 4.5.5. Clear inhibition o f binding is demonstrated by all 

scFvs and roughly equivalent degrees o f inhibition at each concentration suggest similar 

affinities for the target antigen. Inhibition o f  binding o f LHM2 IgG demonstrates retention 

of epitope specificity in all the scFvs, except B4cys(or) which does not bind the same 

epitope [Kang, MD thesis 1997].

134



Formation o f Multimers

Figure 4.5.5 Competition Cell ELISA Demonstrating 
Shared Epitopic of scFvs and LHM2 IgG.

1.2

I •  B4Cys(or)
JA 3C4 

!*4A4 
I x 3 A 1 1 cy s  

I ■ LHM2 ONLY

31 62 125 250 500

TITRATION (ng/well)

LHM2 IgG (500 ng/well) incubated in the presence (or absence) o f 
increasing dilution of 500 ng scFv/well. LHM2 IgG was detected 
using anti-mouse IgG-HRP conjugate. Results are representative 
o f 3 cell ELlSAs. B4cys(or) does not share the same epitope.

Table 4.5.6 Antibody Affinities

ScFv Affinity (Kd)

LHM2 *1.6 X 10'®

B4 *2.1 X 10®

B4cys(or) Not measured

RAFT2 3 5x10®

RAFTS 2x10®

3A11 42x10®

3A1leys 36x10®

3C4 14x10®

4A4 2 8x10®

* Binding affinities determined by Scatchard plot (Kang, MD thesis 1997).
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4.5.6 Affinity Determination

Affinity constants were calculated according to the Cheng equation. This showed that there 

were similar affinities between the scFvs. This is comparable to data obtained using 

Scatchard plots [Hamilton, MD Thesis 2001] (Table 4.5.6).

4.5.7 Effect of Temperature and Mouse Serum on Stability

All the multimeric scFvs examined showed similar melanoma binding in cell ELISA 

following incubation at 37°C and -80°C for 18 hours, indicating similar thermal stabilities 

(Figure 4.5.7a). Western blot of all the multimeric scFv clones showed similar bands in the 

presence and absence of mouse serum, and at 37°C and -80°C (Figures 4.5.7b & 4.5.7c). 

The absence of aggregates following incubation at 37°C and in mouse serum, suggests that 

the clones are stable to high temperatures and serum proteases.

Figure 4.5.7a Effect of High Temperature and Mouse 
Serum on Melanoma Binding of ScFvs

OD
(490nm)

1.2 

1 

0.8 

0.6 

0.4 

0.2 ; 
0 t

I- - - - - - - 1 3 7 “ C M S

I - - - - - - - 1 3 7 ° C  P B S

I 1 - 8 0 ° C M S

- 8 0 X  P B S

B4cys(or) 3A11cys

ScFvs

4A4

Cell ELISA showing melanoma binding o f  B4cys(or), 
3A1 leys and 4A4 scFvs. The scFvs have been incubated in 
mouse serum (MS) and in PBS, at 37°C and at -80°C. 
Melanoma binding is read at an optical density o f 490 nm.
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Figure 4.5.7b Effect of High Temperature and Mouse 
Serum on 3A llcys ScFv Stability

ScFv
Dimer

ScFv _ 
Monomer

3A11cys scFv

Mouse serum

Mouse serum

R NR R NR R NR R NR R NR

Mo Se PBS Mo Se PBS Mo Se
37°C 37°C -80°C -80°C only

Western blot o f 3 A llc y s  scFv showing the presence o f 
stable dimers under non-reducing conditions, in mouse 
serum (Mo Se) and at 37°C. Mouse serum is loaded alone to 
identify non-scFv bands.

Figure 4.5.6c Effect of High Temperature and Mouse 
Serum on 4A4 & 3C4 ScFvs Stability

4A4 & 3C4 scFvs

Mouse serum

ScFvs 
(28 kDa)

MS PBS MS PBS MS PBS MS PBS

4A4 4A4 3C4 3C4
37“C -80°C 37°C -80°C

Western blot o f 4A4 and 3C4 scFv showing similar bands 
under reducing conditions, in mouse serum (MS) when 
compared to PBS, and at 37°C when compared to -80 °C.
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4.6 /TV RESULTS

4.6.1 Radiolabelling

The results of radioiodination of B4cys(or), 3C4, 3A lleys, 4A4, scFvs and control anti- 

CD 18 scFv are shown in table 4.6.1. The results for RAFT2, RAFT3, B4, and 3A ll scFvs 

are included for completion. The effect of labelling on immunoreactivity was assessed in 

cell ELISA by comparing the melanoma binding exhibited by equivalent amounts of 

labelled and unlabelled scFv. The results indicate that approximately 90% of the 

immunoreactivity was retained by all scFvs examined. The method used assumes that all 

scFv molecules have been labelled with ^^^lodine, and thus the immunoreactivities could 

be overestimated. Previous studies at RAFT using thin-layer chromatography have 

demonstrated immunoreactivities similar to those shown in the table [J. Kupsch, personal 

communication]. Alternative methods such as radioimmunoassays require the use of pure 

antigen (i.e. HMW-MAA), which was not available in our case. Despite the limitations of 

the method used, these results demonstrate equivalent labelling efficiency for all scFvs. 

The differing percentage incorporations probably reflect differing initial concentrations of 

protein during labelling.

Table 4.6.1 Characteristics of *^^I-RadioIabelIed ScFvs.

ScFvs
Immunoreactivity of 
labelled scFvs (%)

Incorporation 

^̂ ®lodine (%)

Average Specific 

Activity (MBq/pg)

Anti-CD18 N/A 4 0.008

R2 91.2 12 0.033

R3 92.1 27 0.038

B4 89.5 25 0.038

B4cys(or) 88.6 6 0.022

3A11 90.6 27 0.054

3A11cys 90.2 20 0.035

3C4 85.6 35 0.027

4A4 92.2 42 0.043
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4.6.2 In vivo Studies

4.6.2.1 B4cys(or) scFv

The in vivo behaviour of the monomeric scFv B4 has been studied in detail [Kang, MD 

thesis 1997; Kang 1999]. The multimeric version B4cys(or) was examined and the findings 

are presented here, in comparison with archival data. Results obtained for B4 and 

B4cys(or) scFvs are shown in Figure 4.6.2a and in Tables 4.6.2a and 4.6.2d. Initial tumour 

uptake of B4cys(or) was 1.80 %ID/g at 1 hour following administration (compared to 2.9% 

for B4) and remained low at 6h (0.38 %ID/g, compared to 1.80 % for B4, see Table 

4.6.2a). B4cys(or) exhibited rapid clearance in tumour-bearing mice with similar tumour to 

normal tissue ratios as the monomer B4 (10.3:1 in muscle compared with 9.65:1 for B4 at 

18 hours see Table 4.6.2c). For both scFvs the primary route of excretion was via the 

urine. Kidney activity reached peak levels at 1 hour following injection (48.27 %ID/g for 

B4cys(or), 11.41 %ID/g for B4), and declined rapidly thereafter. The in vivo performance 

of B4cys(or) scFv was inferior to that of the monomeric scFv B4 for all organs except 

muscle.

4.6.2.2 3A lleys scFv

The in vivo behaviour of the monomeric scFv 3 A11 has been studied in detail [Hamilton, 

MD thesis 2001]. The multimeric version 3A lleys was examined and the findings are 

presented here, in comparison with archival data. Tumour uptake of 3A lleys was 5.21 

%ID/g at 1 hour following administration (compared to 4.07 % for 3A11, see Figure 4.6.2b 

and Table 4.6.2b). Initially the tumour targeting for 3A lleys appeared to be marginally 

superior at 1 and 3 hours, compared to the monomer 3A11. However at 6 and 18 hours the 

behaviour of the two clones was similar. 3A llcys exhibited similar blood clearance at 

early time points, but at 18 hours the monomer 3A ll  was cleared slightly faster (T:NT 

blood ratio of 10.59:1 for 3A11, 6.39:1 for 3A1 leys). 3A1 leys exhibited marginally better 

tumour to normal tissue ratios than the monomer 3A ll  at 18 hours (21.29:1 in muscle 

compared with 18:1 for 3A11, see Table 4.6.2e). For both scFvs the primary route of 

excretion was via the urine. Kidney activity reached peak levels at 1 hour following 

injection (23.14 %ID/g for 3A lleys, 22.9 %ID/g for 3A ll) , and declined rapidly 

thereafter. The in vivo performance of 3A1 leys scFv appeared to be superior to that of the
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monomeric scFv 3A ll  for early time points, but for later time points the results were 

similar.

4.6.2.3 3C4 scFv

Initial tumour uptake of 3A4 was 3.35 %ID/g at 1 hour following administration and had 

decreased to 0.79% by 18h (Figure 4.6.2c and Table 4.6.2c). 3C4 scFv localised well to the 

tumour xenografts, leading to high tumour to normal tissue ratios (13:1 in muscle, 5:1 for 

blood at 18 hours; Table 4.6.2f). The primary route of excretion was via the urine. Kidney 

activity reached peak levels at 1 hour following injection (Table 4.6.2c), and declined 

rapidly thereafter to 19.3 %ID/g at 3 hours, and 2.87 %ID/g at 18 hours. Blood clearance 

was also rapid from 3.5 %ID/g at 1 hour to 0.16 %ID/g at 18 hours.

4.6.2.4 4A4 scFv

4A4 scFv showed better biodistribution properties, with substantially higher tumour 

uptake, which persisted for 6 hours (Figure 4.6.2c). Initial tumour uptake of 4A4 was 4.6 

%ID/g at 1 hour following administration, remained high at 6h (4.0 %ID/g), and remained 

associated with the tumour even at 18 hours post-injection (2.6 %ID/g) (see Table 4.6.2c). 

4A4 scFv localised very well to the tumour xenografts, and activity in normal organs and 

blood cleared rapidly, resulting in high tumour to normal tissue ratios at 18 hours (45:1 in 

muscle, 6.6:1 in blood; Table 4.6.42f). Again the kidneys demonstrated high initial 

activity, which cleared rapidly. Kidney activity reached peak levels at 1 hour following 

injection (24.34 %ID/g) and declined rapidly to 5.95 %ID/g at 3 hours, and 0.52 %ID/g at 

18 hours. Blood clearance was also rapid from 7.7 %ID/g at 1 hour to 0.4 %ID/g at 18 

hours. However, compared to all the scFvs examined, 4A4 scFv exhibited higher blood 

levels at all time points. This would be in keeping with its larger size. Compared to all 

scFvs, it exhibited superior tumour targeting, and the least renal accumulation, indicating 

improved ftmctional affinity, as well as increased size above the renal threshold for 

clearance.
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Figure 4.6.2a Histograms of B4 and B4cys(or) scFvs
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Figure 4.6.2b Histograms of 3A11 and 3A llcys scFvs
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Figure 4.6.2c Histograms of 3C4 and 4A4 scFvs

%ID/g 1251 Labelled 3C4 and 4A4 scFvs

3C4

LI LU M BN BL T

ORGANS

4A4

D 1 H 0 U R  G 3 HOURS 0 6  HOURS 0 1 8 H 0 U R S ~ |

T:NT 1251 Labelled 3C4 and 4A4 scFvs

n - i - JÜdes.
LI LU M BN BL

3C4
35

30

T:NT 25

SK LI LU M BN BL

4A4

sK LI LU U BN BL

11 HOUR 0 3  HOURS 0 6  HOURS O I B H O U R S

143



Formation o f Multimers

Table 4.6.2a Percentage Injected Dose of *^^I-Labelled ScFvs per 
gram of Tissue

A). %ID/g for Labelled B4 scFv MONOMER

Time

(Hours)
T K S LI LU M BN BL

1 2.854 11.409 1.584 2.044 3.328 0.678 N/T 4.414

3 2.521 5.388 1.217 0.956 1.904 0.502 N/T 2.758

6 1.795 3.792 0.346 0.312 0.354 0.231 N/T 0.421

18 0.509 0.356 0.076 0.068 0.064 0.053 N/T 0.074

1). %ID/g for Labelled B4cys(or) scFv MULTIMER

Time

(Hours)
T K S LI LU M BN BL

1 1.806 48.274 4.387 3.708 1.985 0.615 1.394 2.373
3 1.285 28.067 3.235 2.182 0.917 0.367 0.832 1.085

6 0.630 17.886 2.044 1.428 0.406 0.156 0.514 0.484

18 0.375 8.077 0.894 0.689 0.102 0.060 0.291 0.141

:). %ID/g for Labelled Anti-CD18 scFv NEGATIVE CONTROL

Time

(Hours)
T K S LI LU M BN BL

1 0.334 3.709 0.300 2.230 0.382 0.074 0.036 2.342
3 0.235 2.070 1.150 0.727 0.087 0.037 0.045 0.477

6 0.182 1.192 0.086 0.526 0.058 0.024 0.044 0.343

18 0.038 0.762 0.036 0.211 0.047 0.013 0.021 0.062

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li),
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl). N/T represents organs not taken during the experiment.
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Table 4.6.2b Percentage Injected Dose of ^^^I-Labelled ScFvs per 
gram of Tissue

A). %ID/g for '“ l Labelled 3A11 scFv MONOMER

Time
T K S LI LU M BN BL

(Hours)
1 4.071 22.950 2.490 2.718 2.974 1.320 1.411 3.930
3 3.153 9.147 1.012 1.186 1.203 0.547 0.461 1.419

6 2.959 5.866 0.933 1.040 0.870 0.211 0.553 0.687

18 1.186 2.894 0.168 0.288 0.060 0.066 0.126 0.122

t). %ID/g for Labelled 3 A ll cys scFv MULTIMER

Time
T K S LI LU M BN BL

(Hours)
1 5.209 23.139 3.905 2.784 3.308 1.191 1.497 4.151
3 4.104 7.655 1.736 1.460 1.596 0.691 0.853 1.704

6 2.709 5.173 0.985 0.820 0.764 0.309 0.469 0.818

18 0.714 1.541 0.251 0.247 0.150 0.035 0.094 0.115

:). %ID/g for '“ l Labelled anti-CD18 scFv NEGATIVE CONTROL

Time
T K S LI LU M BN BL

(Hours)
1 0.334 3.709 0.300 2.230 0.382 0.074 0.036 2.342
3 0.235 2.070 1.150 0.727 0.087 0.037 0.045 0.477

6 0.182 1.192 0.086 0.526 0.058 0.024 0.044 0.343
18 0.038 0.762 0.036 0.211 0.047 0.013 0.021 0.062

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li),
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl).
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Table 4.6.2c Percentage Injected Dose of ^^^I-Labelled ScFvs per 
gram of Tissue

A). %ID/g for Labelled 3C4 scFv MONOMER

Time
T K S LI LU M BN BL

(Hours)
1 3.347 101.114 2.955 3.200 2.504 0.912 1.427 3.506

3 2.889 19.311 2.012 1.878 1.741 0.568 0.935 1.975

6 1.868 7.352 1.240 1.242 0.829 0.282 0.452 0.986

18 0.790 2.874 0.581 0.552 0.211 0.061 0.153 0.155

1). %ID/g for *̂ 1̂ Labelled 4A4 scFv MULTIMER

Time
T K S LI LU M BN BL

(Hours)
1 4.586 24.337 3.259 2.976 3.885 0.867 1.732 7.668
3 4.098 5.947 1.699 1.408 1.903 0.430 1.044 3.291

6 3.961 1.967 0.887 0.921 1.045 0.204 0.415 1.701

18 2.608 0.517 0.308 0.238 0.266 0.058 0.088 0.398

:). %ID/g for "“ l  Labelled Anti-CD18 scFv NEGATIVE CONTROL

Time
T K S LI LU M BN BL

(Hours)
1 0.334 3.709 0.300 2.230 0.382 0.074 0.036 2.342
3 0.235 2.070 1.150 0.727 0.087 0.037 0.045 0.477

6 0.182 1.192 0.086 0.526 0.058 0.024 0.044 0.343

18 0.038 0.762 0.036 0.211 0.047 0.013 0.021 0.062

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li),
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl).
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Table 4.6.2d Tumour to Normal Tissue Ratios of *^^I-Labelled 
ScFvs

A). T:NT for Labelled B4 scFv MONOMER

Time
K S LI LU M BN BL

(Hours)
1 0.250 1.802 1.397 0.858 4.208 N/T 0.647
3 0.468 2.071 2.636 1.324 5.022 N/T 0.914

6 0.473 5.189 5.755 5.072 7.773 N/T 4.265

18 1.429 6.694 7.481 7.949 9.645 N/T 6.875

B). T:NT for Labelled B4cys(or) scFv MULTIMER

Time
K S LI LU M BN BL

(Hours)
1 0.037 0.431 0.487 0.930 2.939 1.314 0.763
3 0.046 0.402 0.589 1.418 3.573 1.567 1.190
6 0.035 0.315 0.440 1.563 4.170 1.227 1.313
18 0.045 0.977 0.593 3.721 10.300 1.239 3.151

C). T:NT for Labelled Anti-CD18 scFv NEGATIVE CONTROL

Time
K S LI LU M BN BL

(Hours)
1 0.088 1.113 0.150 0.873 4.537 9.218 0.143
3 0.113 1.567 0.323 2.684 6.348 5.186 0.492

6 0.153 2.113 0.347 3.139 7.488 4.191 0.532
18 0.050 1.066 0.180 0.803 2.873 1.817 0.615

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li),
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl). N/T represents organs not taken during the experiment.
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Table 4.6.2e Tumour to Normal Tissue Ratios of *^^I-Labelled ScFvs

A). T:NT for Labelled 3A ll  scFv MONOMER

Time

(Hours)
K S LI LU M BN BL

1 0.177 1.635 1.498 1.369 3.084 2.885 1.036
3 0.344 3.116 2.659 2.621 5.764 6.839 2.222

6 0.504 3.171 2.845 3.401 14.024 5.351 4.307

18 0.410 7.060 4.118 19.767 17.970 9.413 10.589

B). T:NT for Labelled 3A llcys scFv MULTIMER

Time

(Hours)
K S LI LU M BN BL

1 0.231 1.340 1.869 1.581 4.379 3.476 1.254
3 0.545 2.363 2.854 2.630 6.118 5.075 2.430
6 0.518 2.665 3.172 3.432 8.919 5.708 3.191

18 0.461 2.890 2.908 5.024 21.289 8.169 6.392

C). T:NT for ‘“ l LabeUed Anti-CD18 scFv NEGATIVE CONTROL

Time

(Hours)
K S LI LU M BN BL

1 0.088 1.113 0.150 0.873 4.537 9.218 0.143
3 0.113 1.567 0.323 2.684 6.348 5.186 0.492

6 0.153 2.113 0.347 3.139 7.488 4.191 0.532
18 0.050 1.066 0.180 0.803 2.873 1.817 0.615

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li),
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl).
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Table 4.6.2f Tumour to Normal Tissue Ratios of *^^I-Labelled ScFvs

A). T:NT for Labelled 3C4 scFv MONOMER

Time

(Hours)
K S LI LU M BN BL

1 0.034 1.144 1.045 1.344 3.807 2.423 0.954

3 0.156 1.437 1.555 1.660 5.079 3.127 1.456

6 0.260 1.528 1.501 2.254 6.818 4.152 1.890

18 0.288 1.387 1.435 3.738 13.364 5.136 5.086

►. T:NT for Labelled 4A4 scFv MULTIMER

Time

(Hours)
K S LI LU M BN BL

1 0.190 1.408 1.545 1.178 5.297 2.648 0.596
3 0.689 2.412 2.911 2.153 9.530 3.925 1.245

6 2.060 4.562 4.477 3.927 21.593 9.954 2.424

18 5.069 8.735 11.023 9.837 44.968 30.081 6.610

I. T:NT for Labelled A n ti-C D IS  scFv NEGATIVE CONTROL

Time

(Hours)
K S LI LU M BN BL

1 0.088 1.113 0.150 0.873 4.537 9.218 0.143
3 0.113 1.567 0.323 2.684 6.348 5.186 0.492

6 0.153 2.113 0.347 3.139 7.488 4.191 0.532

18 0.050 1.066 0.180 0.803 2.873 1.817 0.615

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li),
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl).
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4.7 DISCUSSION

4.7.1 Analysis of Results

Multimerisation strategies are used to improve tumour targeting, reduce background 

accumulation (for imaging applications), and reduce exposure of normal organs to toxic 

agents (for therapeutic applications). The aims of this chapter were to explore novel 

multimerisation strategies {in vivo disulphide bond formation and evolution), and 

determine which strategy produced stable multimers suitable for in vivo tumour targeting. 

For completion, these multimers were compared with archival data of studied monomeric 

scFvs (3A11 scFv: Hamilton, MD thesis 2001 and B4 scFv: Kang, MD thesis 1997].

In vitro studies showed that yield and stability can be selected for by phage display, and 

this has been shown to be the case with each round of selection 

(R2 <RAFT3<3A11<3C4<4 A4). The yields and stabilities of the cysteine-scFvs (3 A lleys 

and B4cys(or)) are similar to the non-cys versions (3A ll and B4). This demonstrates that 

the in vitro stability of these two clones was not affected by the addition of the cysteine 

vector, which has been suggested [Glockshuber 1992].

In biodistribution studies on athymic mice bearing melanoma xenografts, we found that 

both monomeric and multimeric scFvs exhibited rapid blood clearance. Extrapolation of 

half-lives from the data shows that both t]/2a and ti/2 p were similar for all the scFvs (data not 

shown). Despite the rapid clearance, all the scFvs localised to the tumours, reaching 

maximum uptakes of approximately 5% at 60 min following intravenous injection. These 

results are comparable to tumour targeting studies of scFv reported by other laboratories 

[Colcher 1990; Milenic 1991; Whitlow 1993] which found peak values in the range of 4-7 

%ID/g in xenografts 30-60 minutes after injection, decreasing to about 1 %ID/g at 24 

hours. In agreement with published reports, our studies demonstrated that rapid tumour 

uptake and rapid clearance from blood and normal tissues resulted in high tumourimuscle 

ratios.
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The best performing scFv was 4A4, a naturally occurring multimer selected by phage 

display. Closer examination of the results shows that for the scFvs selected by this method, 

tumour targeting improved with each round of selection (R2<RAFT3<3A11<3C4<4A4), 

as evolution progressed. Based on this, we expected all our multimers to show improved 

tumour targeting when compared with their monomeric versions. Interestingly, the 

genetically engineered cys-scFvs (3A lleys and B4cys(or)) failed to perform better than 

their monomeric equivalents (3A11 and B4) in terms of tumour targeting. 3A1 leys seemed 

to show marginally better tumour targeting at 1 and 3 hours, but for later time points was 

similar to the monomer 3A11. B4cys(or) on the other hand performed worse than the 

monomer (B4) in terms of tumour targeting, at all time points. As a result the 

tumourmormal tissue ratios were better for the monomer than for the multimer 

(B4cys(or)).

A number of factors have been identified which may explain the disappointing results. In 

this thesis data on multimers obtained by myself has been compared with archival data on 

monomers, conducted by previous researchers. The results would have been better 

interpreted if both sets of experiments had been conducted by myself, however this was not 

possible due to time constraints. Also results on B4, 3A11 and 3C4 scFvs were made 

available to me without measures of error or range. Whilst this may have been acceptable 

for previous research projects, it has made my data difficult to interpret. The results are 

included for completion, and show the typical trends of our scFvs, but without measure of 

error are meaningless.

It is also possible that for these clones (3A lleys and B4cys(or)) the addition of the 

cysteine residues has in some way interfered with antigen binding, or subtly affected the 

conformation of the antigen-combining site, resulting in the observed lower tumour 

retention. The cysteine-tag, coupled with transformation into the Origami strain of E. coli 

may have converted the B4 scFv into an ‘unhappy’ scFv. Another factor to consider is the 

minimum distance between the antibody binding regions required to have a finite chance 

of binding two different antigens simultaneously. It may be that for the engineered 

multimers, this distance is too small to enable binding of more than one antigen-binding 

site, thereby causing these multimers to behave like monomers.
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We were unable to separate the monomers from the dimers in 3A1 leys and B4cys(or) (and 

trimers for 4A4 scFv). This meant we were unable to analyse the different forms 

separately, in order to ascertain the exact nature and stability of the multivalent moieties. 

The scFvs were used as a mixture of monomer and multimers. Nevertheless, the %ID/g of 

4A4 scFv in the blood was still higher than for the other scFvs examined, and would 

contribute to higher exposure of the targeting agent to the tumour as a result. Several 

groups have also observed rapid blood clearance of dimeric scFvs that was only slightly 

prolonged as compared to the monomer [Adams 1993; Wu 1996]. Wu et al also observed 

that their monomer seemed to perform better than their dimer [Wu 1996]. This they 

thought might be due to their lengthy linker (28 amino acids) combined with the way in 

which the variable domains of their dimers were assembled.

4.7.2 Multivalency and Affinity

The affinities calculated for the scFvs were similar. Thus the increased tumour targeting 

and retention observed for 4A4 multimer is likely to be due to higher valency and avidity 

rather than increased serum persistence. All the scFvs exhibit similar clearance from the 

blood. A significant increase in targeting efficiency has been achieved using scFv dimers. 

This appeared to be unrelated to the affinity of the original monomeric scFvs or the dimers 

themselves [Nielsen 2000]. Several authors have suggested that larger scFv multimers such 

as trimers and tetramers may be optimal for tumour targeting [Hudson 1999; Todorovska 

2001]. Ultimately, bringing the molecular weight of the molecule above the renal threshold 

would reduce the tendency to renal accumulation.

The gain in functional affinity for 4A4 scFv compared to the monomers is significant and 

is seen primarily in reduced off-rates which result from multiple binding to two or more 

target antigens (on a surface) and to rebinding when one Fv dissociates [Kortt 1997; 

Pliickthun 1997]. For these reasons, it is difficult to accurately quantitate the kinetic 

constants for multivalent binding interactions in vivo using immobilised target antigens 

like ELISA or biosensor [Muller 1998]. BIAcore experiments can be particularly 

informative, where the intrinsic affinity is available from inhibition of binding with soluble 

antigen [Nieba 1996]. However the off-rates of multivalent species in BIAcore are usually
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not mono-exponential, since dissociation of monovaiently and multivalently bound species 

occurs simultaneously with different rates. Multiple binding to surface-bound antigens is 

dependent on correct alignment and orientation of the scFvs. For the full avidity effect to 

occur the antigen must be pointing towards the same direction as the scFv epitopes. If 

multiple binding is not sterically possible, particularly for surface-bound antigens, then 

apparent gains in avidity are likely to be small, and due only to the effect of increased 

rebinding (which is dependent on diffusion rates and surface antigen concentration).

4.7.3 Disulphide Bond Formation Using Additional Cysteine Residues

This strategy has been used for dimer formation as well as to stabilise antibody fragments 

[Glockshuber 1990; Brinkmann 1993]. The apparent stability of the cys-dimers probably 

reflects the stable interaction between the Vh and the V l chains [Cumber 1992]. The 

increased avidity would be predicted to improve the extent of tumour localisation. 

However, a number of problems have been encountered with this strategy. Efficient 

chemical cross-linking requires concentrations of 1 mg/ml or above, but some scFvs are 

not soluble at this concentration. Whilst soluble at lower concentrations, the efficiency is 

too poor for patient studies without further scFv engineering for increased solubility [Nieba 

1997]. Attachment of the unpaired cysteine residues can result in a dramatically reduced 

expression yield of scFvs [Pluckthun 1997; Waibel 1999], but this was not the case with 

B4cys or 3Allcys(or). Both B4cys and 3Allcys(or) scFvs exhibited similar 

thermostability to the none-cys versions. Disulphide-linked scFv dimers are also more 

prone to aggregate formation compared to monomers [Kipriyanov 1995], but this was not 

found with any of our scFvs. There remains however, the observation that B4cys(or) and 

3A lleys failed to exhibit superior tumour targeting in vivo. When designing such 

fragments, the relative spatial orientation of the Vh and V l domains differs for different 

antibodies. The precise orientation is therefore difficult to predict, and there may not be a 

single ideal position for placement of the disulphide bridge for all antibodies.
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4.7.4 The Use of Origami Strain of E. coli for Multimerisation

4.7.4.1 Advantages of the method

Formation of intradomain disulphide bonds can improve the folding of proteins [Nieba

1997]. No knowledge of the three-dimensional structure of the protein is required as 

multimers of recombinant proteins with c-terminal cysteine residues are formed 

spontaneously. Expression in E. coli can be scaled up more easily than mammalian 

expression for patient studies. The system should be suitable for the expression of 

molecules such as IL-5 that form natural disulfide-linked dimers but do not require 

glycosylation for biological activity. No artificial glycosylation patterns will be produced, 

unlike with yeast and insect expression systems that could potentially be immunogenic or 

have an adverse effect on the pharmacokinetic properties of the recombinant protein.

4.7.4.2 Disadvantages of this method

The failure of B4cys(or) to localise significantly more efficiently to the tumour in contrast 

to other dimer studies is surprising. An explanation for this may be that B4cys(or) was not 

a pure dimer, as noted above, and was used as a mixture of monomers and multimers. 

However enhanced tumour targeting using a monomer/dimer scFv mixture in comparison 

to pure monomer has been demonstrated [Wu 1996; Wu 1999] and was observed with 4A4 

scFv. The inability to separate monomer from dimer resulted in our not being able to 

confirm that both moieties bound melanoma. If the B4cys(or) contains functional dimeric 

moieties there are several reasons why the larger molecules might not enhance tumour 

localisation. Multimeric molecules can have altered three-dimensional structures, which 

might distort the antigen binding sites, and subsequently their antigen-binding ability. It is 

possible that antigen binding was mainly monomeric, and separation of mixtures of 

multimeric species would be one way to demonstrate multimeric binding. The strain of E. 

coli may produce multimers, but in the process may convert ‘happy’ clones to ‘unhappy’ 

clones.
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4.7.5 Alternative Multimerisation Strategies: Altered Linker Length

Alteration to the peptide linker is known to promote multimerisation. Shortening the 

linkers to less than 12 amino acids tends to promote multimer formation [Kortt 1997] 

whilst longer linkers (>17 or 25 amino acids) tend to result in the production of monomeric 

scFv [Whitlow 1993; Desplancq 1994; Wu 1996]. However this method is associated with 

a number of drawbacks. The nature of the multimers formed seems rather unpredictable 

and a property of the combination of antibody and the linker used. In addition, reducing the 

linker length from 3 to 2 residues does not precisely dictate the transition from dimers to 

higher multimers. Instead, a mixture of multimers (dimers, trimers, and tetramers) may 

form, and the tetramers may be unstable, reverting back to the dimeric or monomeric state 

[Dolezal 2000].

The linker can also affect the affinity, stability, and expression levels of scFv [Alfrhan 

1995; Tang 1996], factors that are critically important for patient studies. Although simple 

and effective in principle, the diabody approach may not always produce molecules with 

properties suitable for patient studies. Various other strategies such as the fusion of leucine 

zippers or streptavidin have been used to produce scFv multimers but it is not uncommon 

that problems similar to those observed with diabodies are reported [Pliickthun 1997].

Diabodies can possess some of the qualities required for immunoscintigraphy and 

immunotherapy, and can be constructed in either bivalent or bispecific formats. However, 

the two chains of the diabodies are capable of dissociating. The stability of these moieties 

can be enhanced by the use of disulphide bonds at the VH-VL interface, covalently locking 

the two chains together [FitzGerald 1997]. This has been shown to improve thermal 

stability and could help drive the correct pairing of the two different chains in bispecific 

diabodies, thereby encouraging the formation of active heterodimers rather than inactive 

homodimers. Previously published work has also indicated that the introduction of 

disulphide crosslinks can reduce binding affinities [Reiter 1994; Reiter 1996b] but this is 

not a universal finding [FitzGerald 1997]. The data shown in this chapter suggest that 

affinity is of minor importance for the scFvs used, and studies published by others do not 

seem to demonstrate a convincing relationship between affinity in vitro and tumour 

targeting in vivo [Collet 1992; Juweid 1992; Barbas 1993; Klimka 2000].
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4.7.6 Factors Influencing Dimer to Monomer Transition

The extent of dimérisation depends upon a number of factors including linker length, 

amino acid sequence, as well as other external factors such as pH and temperature. The 

presence or absence of the antigen may also play a role in favouring monomeric or 

multimeric states. It has been suggested that a dynamic equilibrium exists between 

monomer and their dimers, which is influenced by external factors [Arndt 1998]. It has 

been shown for dimeric variants of streptavidin that monomers are the more 

thermodynamically stable forms and that in the absence of the antigens, dimers can revert 

to the monomeric form [Sano 1995; Sano 1997]. Ionic strength and pH have also been 

shown to influence the rate of dimer to monomer conversion. For some monomeric species 

this conversion is faster under physiological conditions [Arndt 1998] and the conversion 

will depend on the Vl-Vh interface energy. More recently it has been demonstrated that 

dimer to monomer transition is antibody concentration dependant, vrith concentrations in 

excess of 1 mg/ml favouring higher valencies [Lee 2002].

A range of dissociation constants has been observed for Fv fragments from antibodies and 

they can be as low as 10'  ̂ M [Polymenis 1995; Mallender 1996]. Thus in some cases 

where the Vl-Vh interface is intrinsically stable, the re-equilibration of dimer to monomer 

may be incomplete or minimal, even in the absence of the antigen. Different scFvs may be 

trapped in the dimer state to different degrees. One group has demonstrated that scFv 

fragments with high specificities of binding to human self-antigens selected from the same 

phage library consisted of a mixture of monomers and dimers [Griffiths 1993]. The binding 

kinetics were determined by surface plasmon resonance and whilst the kinetics of 

association were typical of known Ab-protein interactions, the kinetics of dissociation were 

relatively fast. This has been much the same finding as with our scFvs. These factors could 

explain how selection of our scFvs by affinity maturation gave rise to clones with different 

monomer-to-dimer ratios. The development of useful of dimeric equivalents thus requires 

the understanding of the conditions more likely to favour dimérisation rather than 

monomeric states.
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4.7.7 Thermal Stability

For most experimental purposes it is essential that scFv fragments remain functional and 

stable at high concentrations in vitro. Such fragments need to retain their activity in vivo 

for several hours or days at 37°C in human serum without precipitating or being degraded, 

to enable sufficient target tissue localisation. High thermal stability is thus important for in 

vivo applications. We have previously used light chain shuffling of a Mab derived scFv 

and phage selection to produce anti-melanoma scFvs against HMW-MAA with improved 

expression and in vitro tumour targeting. Bacterial expression and scFv yield improved but 

with only subtle differences in affinity. Thermal stability could be one explanation for the 

selection of these clones.

The production of high-yield, scFvs with intrinsic high thermal stability has been reported 

using phage display [Desiderio 2001]. It has also been observed that Vh and V l chains of 

cys-dimers can separate readily at 37°C and can then associate stably with serum proteins, 

which are present in excess [Cumber 1992]. Cumber et al were able to demonstrate small 

aggregates corresponding to 14 kDa and higher aggregates after radiolabelling by 

autoradiography. All our cys-scFvs examined showed similar thermal stabilities, and were 

resistant to serum proteases and high temperatures. None formed degradation products 

visible under reducing / non-reducing conditions after incubation at high temperatures.

More sophisticated methods like Circular Dichroism Spectroscopy and Differential 

Scanning Calorimetry are available for detecting the formation of aggregates [Vermeer 

2000]. Neither of these methods was available in our laboratory, but they could serve as 

useful tools in the future for studying thermal stability. These methods however, would be 

unable to provide information regarding causes of precipitation such as disulphide bond 

cleavage and proteolysis. Stable, high-yield scFvs like 4A4 scFv can be used as a scaffold 

onto which new species can be engineered, either by loop grafting (rational approach) 

[Jung 1997] or by mutation and selection through molecular evolution [Proba 1998].
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4.8 CONCLUSIONS

Our studies show that multimers can be produced reliably by a number of methods. A 

naturally occurring multimer was the most stable and reliable clone in our laboratory and 

evolutionary selection for this type of clone could be a straightforward multimerisation 

strategy. The combination of higher tumour uptake combined Avith relatively rapid 

clearance makes scFv multimers prime candidates as imaging agents, where high contrast 

at early time points is desired. Clinical trials will allow the evaluation of the in vivo 

stability and radiotherapeutic potential of these molecules. We expect that radiolabelled 

triabodies would outperform diabodies due to higher functional affinity (avidity), tumour 

penetration, and reduced renal clearance and accumulation. Further investigation into the 

use of E. coli Origami is ongoing to optimise tumour targeting. Attempts at making stable 

diabodies are also ongoing in our laboratory. An estimate of the effect on tumour and 

normal organ radiation dose could then be attempted in order to assess the impact on 

therapeutic constructs. The clones studied contained a mixture of monomeric and 

multimeric moieties and provided useful data. The failure to separate the apparent mixture 

of scFv molecules is an issue that could be solved by the use of HPLC. The potential of 

dimeric and larger multimeric scFvs in melanoma remains promising and is being 

systematically explored.

As a result of the data produced from this thesis, 3A11 and 4A4 scFvs are being prepared 

by the Imperial Cancer Research Fund (ICRF) Hybridoma Unit for a clinical trial for 

imaging patients with melanoma.
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5. THERAPEUTIC ScFv CONSTRUCTS
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5.1 INTRODUCTION

Cancer chemotherapy lacks specificity and is associated with considerable toxicity. The 

observation that antibodies could selectively target tumour cells in patients, and the 

development of monoclonal antibodies (Mabs) [Kohler 1975], has paved the way for 

antibody-based anti-cancer strategies (Table 5.1). Mabs are currently being tested in 

advanced clinical trials [Press 1995; Kaminski 1993], and some have been approved for 

use in cancer therapy and have now appeared on the market [Anderson 1997; Leget 1998; 

Goldenberg 1999]. Most Mabs used in humans have been generated in mice. As a 

consequence, the use of these Mabs is limited by the development of human-anti-mouse 

antibodies (HAMA) [Dillman 1994], which frequently results in the accelerated clearance 

of these Mabs from the blood. In addition to immunogenicity, the large size of the 

immunoglobulin molecules can impede their diffusion into extravascular tumour sites, 

resulting in poor tumour penetration [Juweid 1992].

Limitations in using murine Mabs has led to the development of recombinant single-chain 

Fv antibody fragments (scFvs). ScFvs consist of the variable heavy chain (V h) and the 

variable light chain (V l) domains of the Mab, joined by a polypeptide linker. The 

relatively small size of scFvs (28-29 kDa) compared to Mab (150 kDa) results in improved 

tumour localisation because of greater tumour penetration [Owens 1994]. The potential 

superiority of scFvs over Mabs has been demonstrated in terms of tumour targeting for 

immunoscintigraphy [Begent 1996]. Bispecific scFvs can be engineered to have a dual 

function, such that one arm of the scFv recognises the tumour whilst the other arm 

recognises either an effector cell or a toxic molecule. Because they can be humanised and 

genetically modified to be bispecific, scFvs are potentially powerful tools for cancer 

therapy.
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Table 5.1 Monoclonal Antibodies Used To Treat 
Melanoma

Antigen Reference

p240 Goodman 1985, Dillman 1994

p97 Oldham 1984, Goodman 1985

GD2 Irie 1986, Murray 1996, Saleh1992

GD3 Vadhan-Raj 1988

HMW-MAA Ferrone 1988, Mittelman 1992 & 1995

5.1.1 Effector Functions

Antibodies recruit effector functions mediated by complement and also by the Fc receptors 

(FcR) on monocytes, granulocytes and NK cells. The effector functions are diverse and 

include complement mediated lysis, phagocytosis, antibody-dependent cellular cytotoxicity 

(ADCC), superoxide production and cytokine release. Two of these mechanisms, 

complement-mediated cytotoxicity and ADCC, are explored here in detail (Figure 5.1.1).

5.1.1.1 Complement-mediated Cytotoxicity

The complement cascade involves a complex interplay of 20 plasma proteins. C lq  is a 

constituent of the first component of this system, which when complexed to IgG, activates 

the cascade. Complement activation results in specific cell lysis. It can potentially induce a 

variety of events, including increased capillary permeability, oedema, chemotaxis, 

activation of leucocytes and local tissue destruction. It has been shown that it is possible to 

design a suicide strategy which takes advantage of the body’s own immune response [Jager

1998]. A major advantage of this strategy for in vivo application is that no side effects are
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expected, because administration o f high doses is not necessary. An additional advantage 

may be the enhancement o f immunogenicity in general.

Figure 5.1.1 Mechanisms of Antibody-Mediated Killing

Complement-
mediated

lysis

0,
‘

ADCC by 
macrophages 

or natural 
killer cells

toxinTarget Cell
(Melanoma)

ScFv fusion molecules bind to receptors on 
target cells and can induce C lq  binding or 
ADCC by macrophages or natural killer cells.

5.1.1.2 Antibody-dependent Cellular Cytotoxicity

Antibody-dependent cellular cytotoxicity (ADCC) is considered to be one o f the most 

important defence mechanisms in response to neoplasia [Herlyn 1982; Koch 1989]. ADCC 

occurs when an effector cell bearing Fc receptors (FcR) on its surface binds and lyses a 

target cell which is coated with IgG antibodies [Herlyn 1982; Takahashi 1993]. Effector 

cells characterised by FcR expression include natural killer cells and monocytes [Hellstrom 

1985; Ortaldo 1987; Yeh 1982]. In melanoma patients ADCC may be useful as an 

approach to immunotherapy.
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Figure 5.1.2 Recombinant Antibody Fragments
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5.1.2 Bispecific Antibody Fragments

ScFvs produced by phage technology lack the Fc region responsible for activating effector 

functions. Furthermore, due to their small size scFvs are rapidly cleared from the serum 

[Cumber 1992; King 1994]. Effector functions can be artificially introduced by forming 

bispecific antibody fragments with a second binding site capable of triggering an effector 

function (Figure 5.1.2). In this manner, all natural antibody effector functions, both cell- 

and complement mediated can be recruited. By cross-linking two different antigens this 

can trigger cell-mediated killing, i.e. by bridging a tumour cell surface receptor with a 

cytotoxic T-cell receptor [Liu 1985]. Bispecific scFvs have also been used for serum 

retargeting of immunoglobulins and its associated effector functions. This strategy can also 

prolong the residence time of the fragments in the serum by binding to serum 

immunoglobulins [Holliger 1997]. In the present study we explored a novel strategy of 

serum IgG redirection by fusing a scFv to staphylococcal Protein A.
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5.1.3 Staphyllococcal Protein A

Staphylococcal protein A (SpA) is a 42 kDa protein produced by Staphylococcus aureus. It 

exists in both secreted and membrane-associated forms and interacts specifically with the 

Fc portions of immunoglobulins from many mammals [Forsgreen 1966; Sjoquist 1967; 

Lindmark 1983]. There are a number of biological responses to SpA which include 

activation of the complement system, cell-mediated cytotoxicity, interferon production, 

activation of polyclonal antibody synthesis and mitogenic stimulation of lymphocytes 

[Sjoquist 1969; Cowan 1979; Sjodahl 1979; Romagnani 1980; Catalona 1981].

5.1.3.1 Structure

Extensive structural and biochemical studies with SpA have been undertaken previously 

because of SpA’s importance as an immunological tool and its diverse function [Sjoquist 

1972; Hjelm 1975; Langone 1982; Hanson 1984; Graille 2000]. SpA is structurally and 

functionally pentavalent in IgG binding [Moks 1986]. It contains five Fc-binding domains, 

four with similar affinities to IgG (termed B, D, A, and C) and one (termed E) with lower 

affinity. The ‘Z’ domain is a more stable variant of the B domain and is commercially 

available as a vector pEZZ18 for creating bispecific fusion molecules [Nilsson 1987; 

Rondahl 1992; Braisted 1996]. It possesses two distinct Ig-binding activities: each domain 

can bind Fey (the constant region of IgG involved in effector functions) and Fab (the 

immunoglobulin fragment responsible for antigen recognition).

5.1.3.2 Clinical Application

SpA is able to bind to a large proportion of the human immune repertoire. This feature 

lends SpA a number of beneficial functions including tumour growth inhibition, thought to 

be via the role of complement activation by SpA-like molecules [Langvad 1984]. It has 

been postulated that the action of SpA may be related to its ability to cause a drastic 

reduction in circulating plasma immune complex concentration, thus potentiating the 

immune reactivity of the host [Ray 1984; Samtleben 1987]. However, it is the more 

general role of serum IgG retargeting which has been exploited in our laboratory for the 

development of therapeutic scFv fragments.
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5.1.4 Aims

We set out to develop a bispecific fusion molecule capable of targeting melanoma, 

retargeting IgG to melanoma cells, activating complement and subsequently promoting 

melanoma destruction. Work presented here examines the in vivo biodistribution and 

pharmacokinetics of the therapeutic construct. IgG recruitment and melanoma kill has been 

demonstrated in vitro [V. Joshi, personal communication], and these data are presented 

here to show intended behaviour in vivo. The data are compared to historical data on 

LHM2 Mab and RAFT3 scFv [Kang, MD thesis 1997; Hamilton, MD thesis 2001] to allow 

comparisons for size and in vivo tumour targeting. The in vivo tumour penetration of the 

therapeutic construct was also examined.

5 . 2  METHODS

5.2.1 Design of R3ZZ

The RAFT3 scFv developed for diagnostic in vivo studies (Chapter 3) was selected by Dr 

Jorg Kupsch for formation of the therapeutic construct. RAFT3 scFv was the most stable 

and soluble scFv present at the time the therapeutic construct was designed. R3ZZ scFv 

was designed and constructed by Dr Jorg Kupsch. RAFT3 scFv was cloned into vector 

pEZZlS (Amersham Pharmacia Biotech), forming R3ZZ scFv, with an N-terminal fusion 

to two “Z” domains (Figures 5.2.1a and 5.2.1b). As well as the lac promoter the vector 

pEZZl 8 has a protein A promoter and leader, which allowed constitutive expression of the 

protein.

Analysing the presence of SpA in samples containing IgG can be difficult. Unlike the 

parent molecule RAFT3, R3ZZ scFv lacks the c-myc and hexahistidine tail. Therefore, the 

IgG binding properties of protein A were used for detection. The Fc-reactivity of SpA with 

IgG of most animal species can make detection by immunoassay or immunohistochemistry
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difficult [Richman 1982; Lindmark 1983]. Antibodies specific to SpA will normally bind 

both by their specific activity and the general affinity between SpA and IgG (Fc). This 

problem can be solved by using chicken-anti-SpA IgG. Chicken antibodies are one o f the 

few immunoglobulins that do not have Fc-reactivity to SpA. The ZZ-p galactosidase fusion 

protein was used as a control for in vitro studies. The in vitro and in vivo studies were 

performed using R3ZZ scFv. For the purpose of these experiments I was responsible for 

producing and purifying R3ZZ scFv from bacterial glycerol stocks (provided by Dr Jorg 

Kupsch). I was also responsible for determining yield and molecular weight o f R3ZZ, 

confirming human melanoma binding, radiolabelling, in vivo studies and tumour 

penetration studies o f R3ZZ. Data regarding human melanoma binding o f R3ZZ in the 

presence o f IgG, complement binding, and human and mouse IgG binding by R3ZZ was 

provided by V Joshi (PhD thesis). Data obtained are presented here alongside archival 

information on RAFT3 scFv (the parent scFv) and LHM2 Mab for comparison (data 

provided by N Kang, MD Thesis).

Figure 5.2.1a Design of R3ZZ ScFv
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Figure 5.2.1b Z Domain of Staphylococcal Protein A

i.
The Z domain of SpA is an engineered analogue of the 
IgG-binding domain B. it contains 3 alpha helices 
arranged in an anti-parallel three-helix bundle.

(Inia^e from Protein NMR Structure Gallery M’chsite)

5.2.2 Production and Purification of R3ZZ

10 ml o f standard culture media (section 2.2.9.) containing a stab o f R3ZZ scFv glycerol 

stock was grown in a 30°C shaker for 18 hours. At 18 hours, the 10 ml culture was made 

up to 1 litre in standard culture medium ( L B g a ) and grown at 30°C for a further 18 hours 

without induction with IPTG. The bacterial culture was concentrated, filtered and dialysed 

against PBS at 4°C overnight. The scFv was purified on IgG Sepharose Columns™  

(Amersham Pharmacia Biotech) and eluted with O.IM glycine, pH 2.3 (Section 2.3.6). 

Fractions collected were neutralised with IM Tris base and then assayed by SDS-PAGE 

and Western blot under reducing conditions to establish the fractions containing scFv and 

confirm its purity (Section 2.4). Fractions containing pure R3ZZ scFv were pooled, 

concentrated down to 1 ml using a Vivascience concentrator, aliquoted and stored at -80°C 

for use in vivo. Melanoma binding to A375M cells was assessed by cell ELISA (Section 

2.5.3). Molecular weight determination o f R3ZZ scFv was by low-pressure gel filtration 

(Section 2.3.7) on Hi Prep™ Sephacryl-200HR columns (Amersham Pharmacia Biotech).

167



Therapeutic ScFv Constructs

R3ZZ scFv was loaded onto the column and eluted with PBS. One-ml aliquots were 

collected and scFv fragments detected by direct ELISA (Section 5.2.3).

5.2.3 IgG Binding

Direct ELISA was used to assess human IgG binding. 1 jig per well R3ZZ scFv was titred 

two-fold in PBS in a 96-well microtitre plate (Griener) at 4°C overnight. The following 

morning, the plates were blocked with 200 pl/well of 1% BSA in PBS at 37°C, for 1 hour. 

After washing with PBS, the plates were incubated with 50 pl/well of human IgG (1:1000 

in serum-free medium) for 2 hours at RT. The plates were washed and incubated with 50 

pl/well goat anti-human Ig horseradish peroxidase 1:500 (Dako) for 1 hour at RT. The 

plates were washed and developed with OPD colour developer made up according to 

manufacturers instructions and read at 490 nm in a plate reader (BioRad). Mouse IgG 

binding was detected as above, using mouse IgG and goat anti-mouse Ig horseradish 

peroxidase (Dako) instead. Immunoconjugates derived from goat antibodies were used for 

R3ZZ detection because the SpA binding of goat IgG is very weak, resulting in low 

background.

5.2.4 Complement Binding

Human IgG binding to C lq was assessed by sandwich ELISA. 1 pg R3ZZ scFv was titred 

two-fold in PBS in a 96-well microtitre plate (Greiner) at 4°C overnight. The following 

morning the plates were blocked with 200 pl/well of 1% BSA in PBS at 37°C for 1 hour. 

After washing with PBS the plates were incubated with titred complement serum (Sigma) 

at RT for 1 hour, then washed and incubated with 50 pl/well goat anti-human C lq 1:1000 

(Sigma) for 1 hour at RT. 50 pl/well rabbit anti-goat horseradish peroxidase (HRP) 1:500 

(Sigma) was added after further washing, and then the plates were developed with OPD 

colour developer made up according to manufacturers instructions and read at 490 nm in a 

plate reader (BioRad). Mouse IgG binding to C lq was detected as for human IgG above 

using mouse serum and goat anti-mouse Clq (Sigma) instead.
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5.2.5 Radiolabelling

Radiolabelling was carried out using the lodogen'^^ method (Pierce) using as the 

radiolabel (Section 2.7). Immuno-reactivity after labelling was assessed by comparing 

equivalent amounts of scFv to cold antibody in cell ELISA (Section 2.6.2).

5.2.6 In vivo studies

Pharmacokinetic and biodistribution data were obtained in Balb/c nu mice bearing human 

melanoma xenografts (Section 2.10). 0.5 pg of labelled scFv in 100 pi PBS was 

injected via the tail vein and the mice euthanased at appropriate time points. Three to five 

mice were used for each time point. Anti-CD 18 scFv (directed against a white blood cell 

antigen) was used as a negative control for all experiments. For pharmacokinetic data mice 

were sacrificed at 1, 15, 30, 80, 360 and 1080 minutes after injection. Prolonged time 

points were selected for comparison with whole Mab (LHM2). Blood samples were 

obtained by cardiac puncture, weighed and gamma counted. For biodistribution studies 

mice were sacrificed at 1, 3, 6, 24 and 48 hours after injection. A blood sample was 

obtained by cardiac puncture and organs removed for weighing and gamma counting. The 

tumour, kidneys, spleen, liver, lungs, both quadriceps muscles, and both femurs were 

counted.

Results were expressed in terms of percentage of the injected dose per gram of tissue 

(%ID/g), and from this tumour to normal tissue ratios were calculated (T:NT). Comparison 

was made to the negative control anti-CD 18 scFv, as in previous chapters. 

Pharmacokinetic data were evaluated using Origin™ software and used to calculate the 

halfiives (ti/zu and ti/2 p).

5.2.7 Tumour Penetration Studies

In order to determine the degree of penetration of R3ZZ scFv into the melanoma 

xenografts the therapeutic construct was administered to mice bearing xenografts as
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described above. At varying time points the mice were culled and the xenografts removed 

for further processing.

Immunohistochemical staining using the Catalysed signal amplification (CSA K1500) kit 

(Dako®) and the Vector kit has been described in Section 2.10. Briefly, formalin-fixed, 

paraffin wax-embedded xenografts were sectioned at 4 microns. APES-coated polylysine 

paraffin sections were microwaved in 400 ml ImM EDTA buffer pHS.O for 10 minutes. 

An Avidin block (Vector) was applied and sections were rinsed, followed by a biotin block 

(Vector) for 15 minutes, then rinsed further. The protein block from the CSA kit (Dako®) 

was applied for 30 minutes. Chicken anti-protein A serum (Norwegian Antibodies) 1:100 

was used to detect R3ZZ scFv. Goat anti-chicken HRP (Vector) was used as the secondary 

antibody. ABC complex from the CSA kit (Dako®) was made up according to 

manufacturers instructions and applied for 15 minutes, followed by the amplification 

reagent (15 minutes), followed by the streptavidin HRP reagent for 15 minutes. Finally, 

VIP substrate reagent (Vector) was applied for 5 to 15 minutes resulting in a purple 

chromogen. This was followed by Light Green counter-stain (Vector). Positive staining 

was defined as purple staining of cells. Negative staining was defined as green staining of 

cells. Sections of renal epithelial membrane antigen (EMA) were stained to confirm the 

technique. Sections of normal tissue were included as negative controls.

5.3 RESULTS

5.3.1 Yield and Molecular Weight

The engineered R3ZZ was secreted from E. coli, harvested from the culture supernatant 

and purified on a IgG sepharose column. Protein yields were 500 pg per litre of bacterial 

supernatant. Bacterial growth was variable and expression yield depended on how well the 

bacteria grew. Molecular weight determination of R3ZZ scFv was by low-pressure gel
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filtration on a Sephacryl-200HR column. Detection of scFv by direct ELISA demonstrated 

that R3ZZ emerged as a single peak corresponding to a molecular weight estimated at 42- 

45 kDa (Figure 5.3.1).

Figure 5.3.1
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Direct ELISA o f fractions eluted from low-pressure gel 
filtration column Sephaciyi-200HR. R3ZZ scFv emerged as 
a single peak corresponding in size to 42 - 45 kDa.

5.3.2 Melanoma Binding

Binding was specific to melanoma as tested by cell ELISA using A375M melanoma cells. 

Melanoma binding o f R3ZZ was compared to the parent scFv RAFT3. This confirmed that 

melanoma binding o f the scFv ZZ fusion protein had been maintained (Figure 5.3.2a). 

Melanoma binding in the presence o f mouse and human IgG was also demonstrated 

(Figure 5.3.2b). ZZ-P galactosidase fusion protein expressed from the pEZZ fusion vector 

(which does not bind melanoma) was used as a negative control. R3ZZ bound melanoma 

as efficiently as the parent RAFT3 in the presence of IgG (mouse or human), whereas the 

ZZ-P galactosidase fusion protein did not.

171



Therapeutic ScFv Constnicts

Figure 53 .2a Human Melanoma Binding of R3ZZ
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R3 R3ZZ

R 3ZZ scFv binds human melanoma cell line A375M  in cell 
ELISA. Melanoma binding of R 3ZZ detected at 490 nm is 
comparable with parent scFv RAFT3.

Figure 5.3.2b Human Melanoma Binding of R3ZZ in the 
Presence of IgG (Mouse and Human)

Melanoma Binding 
with Human IgG

Melanoma Binding 
With Mouse IgG
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Cell ELISA showing R3ZZ scFv binding to melanoma in 
the presence of human and mouse IgG. R 3ZZ is 
compared to parent scFv RAFT3 and pEZZ18 fusion 
vector. Binding is detected at 490  nm.

(Reproduced with kind permission, V. Joshi)
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5.3.3 IgG Binding

The ability of R3ZZ to bind human or mouse IgG was assessed by direct ELISA. RAFT3 

scFv, which does not bind IgG, was used as a negative control and the ZZ-P galactosidase 

fusion protein (which contains 2 domains of protein A and thus binds IgG) was used as a 

positive control. The results shown in Figure 5.3.3 demonstrate that the therapeutic 

construct R3ZZ binds IgG (mouse and human) as efficiently as the ZZ-p galactosidase 

fusion protein, whereas the parent scFv RAFT3 does not. This demonstrates that the 

binding of the construct to IgG in vitro is a function of the “ZZ” domain and not the 

RAFT3 constituent. The similar binding properties of R3ZZ to mouse and human IgG 

allows results to be extrapolated from the mouse to the human patient more easily than 

with other published scFv constructs. Melanoma binding in the presence of human and 

mouse IgG and complement-mediated cytotoxicity has since been demonstrated in our unit 

[V. Joshi, personal communication].

Figure 5.3.3 Human and Mouse IgG Binding by R3ZZ 
scFv

Human IgG Binding Mouse IgG Binding

E 1.5

§ 0.5
G

E 1.5I ,
g 0.5

G
R3 pEZZIS R3ZZ R3 pEZZIS R3ZZ

Human and mouse IgG binding of R 3ZZ scFv in direct 
ELISA is compared to parent scFv RAFTS and ZZ-p  
galactosidase fusion protein. Binding is detected at 
490nm .

(Reproduced with kind permission, V. Joshi)
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5.3.4 Complement Binding

A sandwich ELISA was used to demonstrate C lq  binding o f R3ZZ scFv. The results 

shown in Figure 5.3.4 demonstrate that in the presence o f human IgG R3ZZ binds the C lq  

component as efficiently as the pEZZlS fusion vector in vitro. The parent RAFT3 scFv did 

not bind C lq  in vitro.

Figure 5.3.4 R3ZZ scFv Binding to Complement (Clq)

C1q Binding

1.5

OD 
(490 nm)

0.5

R3 p E Z Z I S  R3ZZ

R 3ZZ scFv binding of C1q in sandwich ELISA is 
compared to parent scFv RAFTS and ZZ-p  
galactosidase fusion protein. Binding is detected at 
490nm .

(Reproduced with kind permission, V. Joshi)

5.3.5 Radiolabelling

An incorporation o f 20.7% o f the radiolabel reaching a specific activity o f 0.017 M Bq/pg 

was obtained for R3ZZ scFv. Immunoreactivity, as assessed by cell ELISA on A375M 

human melanoma cell line demonstrated maintenance o f 90.2% o f melanoma binding in 

comparison to unlabelled R3ZZ scFv (Figure 5.3.5).

174



Therapeutic ScFv Constructs

Figure 5,3,5
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Immunoreactivity of R3ZZ scFv

R3ZZ unlabel led R3ZZ labelled

Immunoreactivity o f radiolabelled and unlabelled R3ZZ scFv 
as assessed by cell ELISA on A375M human melanoma cells

5.3.6 In vivo studies

Pharmacokinetic data are shown in Table 5.3.6a and Figure 5.3.6a. R3ZZ was compared to 

published data for RAFT3 scFv [Flamilton, MD thesis 2001] and the whole monoclonal 

antibody LHM2 [Kang, MD thesis 1997]. R3ZZ is a 42 kDa molecule as confirmed by gel 

filtration. The t,/2a  and U/2  ̂ o f R3ZZ scFv was 48 and 227 minutes, respectively (Figure 

5.3.6a). This was compared to RAFT3 scFv (8 and 189 minutes) and LHM2 Mab (37 and 

384 minutes). The pharmacokinetics o f R3ZZ scFv was similar to that o f the Mab but not 

to RAFT3 scFv. This suggests that the residence time in the serum has been prolonged by 

the binding of the R3ZZ to IgG in the serum.
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Table 5.3.6a Pharmacokinetics of R3ZZ scFv Compared With 
RAFTS ScFv and LHM2 Mab

ANTIBODY
MOLECULAR 

WEIGHT (KdA)

HALF-LIVES (MIN)

ti/2a ti/2P

R3 (scFv) 28 8 189

R3ZZ 45 48 337

LHM2 (Mab) 150 37 384

Figure 5.3.6a Pharmacokinetics of R3ZZ in Balb\c nu 
mice

% R3ZZ scFv Retained in blood

120

10&

600

Time (mins)
800 1000 1200200 400

Pharmacokinetic data showing percentage of R 3ZZ scFv 
retained in blood over time.

Biodistribution data for R3ZZ scFv and control anti-G D I8 scFv are shown in Figure 

5.3.6b, Table 5.3.6b and Table 5.3.6c. RAFT3 scFv and LHM2 Mab data are shown in 

Table 5.3.6b and 5.3.6c for comparison. R3ZZ scFv tumour accumulation remained fairly 

stable over 48 hours (from 2.2% ID/g at 1 hour to 3.0 %ID at 24 hours) indicating good 

tumour retention. This contrasts with RAFT3 scFv tumour accumulation which reaches its 

highest at 1 hour (2.5 %1D) and decreases steadily to 0.37 %ID at 18 hours. Renal
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accumulation o f R3ZZ scFv falls from over 13.5% ID/g at 1 hour to 3.15 % lD/g at 18 

hours. This is similar to RAFT3 scFv (16% ID/g at 1 hour to 2.09 %lD/g at IShours) rather 

than the Mab which remains stable at «2%. Blood R3ZZ scFv concentration is highest at 1 

hour (18.27 %ID) and decreases rapidly to 3.5 %ID at 18 hours. This represents a 5-fold 

decrease in blood concentration compared to RAFT3 with a 46-fold reduction (3.43 %ID at 

1 hour, 0.073 %1D at 18 hours) indicating that R3ZZ has a slower blood clearance. LHM2 

shows high tumour accumulation and blood levels remain high at all time points. This slow 

clearance allows longer persistence time for tumour accumulation.

Figure 5.3.6b Biodistribution of R3ZZ scFv in Balb\c nu 
mice

%ID/g

TUMOUR KIDNEY LIVER BLOOD MUSCLE

T:NT

KIDNEY LIVER BLOOD MUSCLE

Percentage injected 
dose of R3ZZ in 
various organs over 
time.

1 hour 

6 hours 

18 hours 

24 hours 

48 hours

Tumour-to-normal 
tissue ratios of 
R3ZZ in various 
organs over time.

Tumour to normal tissue contrast (T:NT, the ratio o f tumour %ID/g to normal organ 

% lD/g) for LHM2 Mab, R3ZZ scFv, RAFT3 scFv and anti-CD 18 scFv is shown in Figure 

5.3.6b and Table 5.3.6c. T:NT increases across the time points studied. No clear tumour to 

normal tissue contrast is demonstrated for the control anti-CD 18 scFv (targeting an 

irrelevant human white cell antigen).
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Percentage Injected Dose of ^^^I-Labelled ScFvs per 
gram of Tissue

A). %ID/g for *“ I-Labelled LHM2 Mab

Time

(Hours)
T K S LI LU M BN BL

6 1.408 1.991 1.272 1.099 1.313 NH NH 14.130

15 4.246 2.439 1.452 1.477 1.499 NH NH 6.730

24 3.761 2.375 1.299 1.854 1.587 NH NH 10.310

48 6.338 2.056 1.462 1.443 1.100 NH NH 7.190

{). %ID/g for ^^^I-Labelled R 3ZZ scFv

Time

(Hours)
T K S LI LU M BN BL

1 2.151 13.497 4.220 5.629 5.910 0.679 2.990 18.267
3 3.095 10.718 3.563 4.660 5.332 0.609 1.617 16.957

6 3.048 6.379 3.498 3.289 6.235 0.024 0.596 14.979

18 1.656 3.149 3.067 1.812 1.580 0.013 0.245 3.500

24 3.039 2.155 1.987 2.019 2.142 0.235 0.351 4.572

48 1.234 0.800 0.675 0.588 0.617 0.142 0.470 1.224

C). %ID/g for '“ l-Labelled RAFT3 scFv

Time

(Hours)
T K S LI LU M BN BL

1 2.510 16.21 1.772 1.702 1.980 0.802 0.591 3.428
3 1.220 8.82 0.669 0.853 0.933 0.602 0.407 1.267

6 0.750 6.712 0.297 0.307 0.209 0.134 0.178 0.217

18 0.370 2.089 0.087 0.144 0.070 0.041 0.019 0.073

)). %ID/g for '“ l-Labelled anti-CD18 scFv

Time
T K S LI LU M BN BL

(Hours)
1 0.334 3.709 0.300 2.230 0.382 0.074 0.036 2.342
3 0.235 2.070 1.150 0.727 0.087 0.037 0.045 0.477

6 0.182 1.192 0.086 0.526 0.058 0.024 0.044 0.343
18 0.038 0.762 0.036 0.211 0.047 0.013 0.021 0.062

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li), 
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl). NH represents organs which were not harvested in the 
experiment.
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Table 5.3.6c Tumour to Normal Tissue Ratios of ^^^I-Labelled ScFvs

A). T:NT for '“ l-Labelled LHM2 IgG

Time
K S LI LU M BN BL

(Hrs)
6 0.707 1.107 1.281 1.073 NH NH 0.100
15 1.741 2.924 2.874 2.833 NH NH 0.631

24 1.583 3.061 2.029 2.371 NH NH 0.365

48 3.083 4.334 4.394 5.764 NH NH 0.888

). T:NT for ^^^I-Labelled R 3ZZ scFv

Time
K S LI LU M BN BL

(Hrs)
1 0.161 0.519 0.412 0.409 3.183 0.743 0.129
3 0.308 0.839 0.673 0.565 5.174 1.853 0.179

6 0.470 0.935 0.898 0.520 5.226 2.746 0.215

18 0.610 1.000 0.956 1.218 7.572 5.186 0.516

24 1.442 1.621 1.504 1.503 14.716 10.358 0.739

48 1.670 2.021 2.162 2.073 12.362 2.595 1.110

). T:NT for *^^I-Labelled R3 scFv

Time
K S LI LU M BN BL

(Hrs)
1 0.140 1.277 1.330 1.143 2.822 3.829 0.660
3 0.145 1.913 1.501 1.372 2.126 3.145 1.010

6 0.101 2.290 2.215 3.254 5.075 3.820 3.134

18 0.201 4.828 2.917 5.983 10.244 21.649 5.753

1. T;NT for ^^^I-Labelled anti-CD18 scFv

Time
K S LI LU M BN BL

(Hrs)
1 0.088 1.113 0.150 0.873 4.537 9.218 0.143
3 0.113 1.567 0.323 2.684 6.348 5.186 0.492

6 0.153 2.113 0.347 3.139 7.488 4.191 0.532

18 0.050 1.066 0.180 0.803 2.873 1.817 0.615

Each data point represents the average from 3-5 mice. Tumour (T), Kidney (K), Spleen (S), Liver (Li), 
Lung (Lu), Muscle (M), Bone (Bn), Blood (Bl). NH represents organs which were not harvested in the 
experiment.
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5.3.7 Tumour Penetration Studies

Melanoma xenografts from mice were harvested at varying time points following the 

administration of R3ZZ scFv and stained with the CSA kit to study R3ZZ tumour 

penetration. A high background staining resulted in all of the sections (including the 

negative control) staining uniformly purple (Figure 5.3.7). Attempts to reduce this 

baekground staining were made by varying the dilutions of the antibodies used and 

optimising the incubation times and temperatures. Time constraints prevented use of 

further techniques to stain the sections, but possible options and possible reasons for the 

inability to detect R3ZZ scFv are discussed further below.

Figure 5.3.7 Paraffin Sections of Melanoma Xenograft 
Stained to Detect R3ZZ ScFv

Negative Control

No R3ZZ antibody 
was given to this 
mouse.

m
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F ' -
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6 Hours

This mouse was 
culled 6 hours 
after receiving 
R3ZZ antibody

18 Hours

This mouse was 
culled 18 hours 
after receiving 
R3ZZ antibody.
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5.4 DISCUSSION

5.4.1 Analysis of Results

Our results show the bispecific anti-melanoma scFv R3ZZ is capable of IgG recruitment. 

Tumour targeting of R3ZZ was as efficient as the parent scFv RAFT3, but with prolonged 

clearance time, due to the formation of large complexes with serum (IgG recruitment in 

vivo). This strategy may also enhance the action of naturally existing antibody networks in 

the immune system. IgG mediated C lq binding was seen in the absence of melanoma 

antigen; the process was found to be strictly antigen-dependent.

Cellular and humoral immune effector functions usually work in harmony to eliminate a 

given antigen. This has been demonstrated in two studies, where bispecific diabodies that 

recruited cytotoxic T-cells were strongly synergistic in killing lymphoma cells [Holliger

1996] and colon cancer cells [Holliger 1997]. Bispecific diabodies with specificity to C lq 

have been shown to recruit the complement cascade directly [Kontermann 1997]. The 

relationship between cellular and humoral effector functions involves antigen presentation 

as well as cell-kill. The result may thus be enhanced if two diabodies or bispecific 

multimers are used.

There are potential benefits of using scFv constructs like R3ZZ over anti-Clq or T cell 

diabodies. The formation of large complexes with serum IgG would result in slower serum 

clearance, thereby prolonging the bioavailability of the construct in patients. Using 

diabodies would require testing individual scFvs as well as the diabodies in patients. In 

contrast, using a scFv construct would require only one molecule to be tested in patients, 

thereby delaying the development and implementation of the therapeutic antibodies. There 

is also the potential of R3ZZ scFv to bind FcRs on monocytes, granulocytes, and NK cells 

thereby activating both the cellular and humoral pathways. This remains to be 

demonstrated.
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ScFvs have better ttimour penetration than whole Mabs and shorter serum residence time. 

This is necessary for radioimaging of tumours, where the antibody has to be cleared from 

the blood quickly, to enable a good tumour-to-normal tissue contrast. For immunotherapy 

prolonged serum residence times are required to allow sufficient time for tumour 

localisation and activation of effector functions. This is seen here with a prolonged serum 

residence of R3ZZ scFv when compared to RAFTS scFv. In fact, its pharmacokinetics 

resembles the whole Mab, almost four times its molecular weight, suggesting binding of 

the R3ZZ to serum IgG in vivo. It should be possible to improve the half-life further by 

using multimeric versions of R3ZZ with a greater avidity for melanoma and IgG, such as a 

diabody of R3ZZ.

The %ID/g of LHM2 increases with time because its relatively large size reduces renal 

clearance and prolongs serum persistence. As expected, the small size of RAFTS scFv 

results in rapid clearance and thus reduced time for tumour localisation. This results in the 

decrease in the %ID/g of RAFTS in the tumour seen. The therapeutic construct is larger 

than the RAFTS with pharmacokinetics similar to LHM2 Mab. We would thus expect 

results similar to the Mab. When compared however, RSZZ appears to be cleared relatively 

quicker than the Mab, in the same fashion as RAFTS scFv. Also the %ID/g in the tumour 

appears to be stable around 2-S%. It does not increase as the Mab; neither does it decrease 

like the scFv. This may point to instability in vivo of the ZZ domain, or instability of the 

IgG-bound to RSZZ in vivo.

RAFTS and RSZZ show similar renal accumulation (16% and IS.5% respectively at I 

hour, falling to 2.09% and S. 15% respectively at 18 hours). This implies that factors other 

than size (i.e. stability) may determine renal accumulation. The issue of stability has been 

discussed in Chapter three, and RAFTS scFv is stable if produced, purified and stored 

under the right conditions. Whilst RSZZ appears to be stable in vitro, its in vivo stability 

has not been formally studied. Loss of the ZZ domains in vivo (i.e. degradation by renal 

proteases [Kenny 1982; Silbemagl 1988; Wu 1997]) may result in a smaller-sized 

molecule, resulting in similar renal accumulation to RAFTS. The relatively constant %ID/g 

seen in tumour xenografts (mentioned above) implies that proteolysis is not a factor here.
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5.4.2 Improving R3ZZ ScFv Detection in Immunohistochemistry

The inability to detect R3ZZ scFv in immunohistochemistry was extremely disappointing. 

Previous attempts in our laboratory at staining melanoma sections with other scFvs have 

been unsuccessful in paraffin-embedded sections [E. Clayton, personal communication]. 

Various staining methods including the streptavidin-biotin and the streptavidin-HRP 

methods have been used with poor results. We were recently able to detect whole Mab 

LHM2 (that targets the same epitope as RAFTS and R3ZZ scFvs) using the CSA system 

(Chapter 6). We reasoned that this system would therefore also be suitable for detecting 

R3ZZ scFv. R3ZZ scFv binds mouse and human IgG, and initially attempts were made to 

detect the mouse IgG bound to R3ZZ. The sections were strongly positive, suggesting the 

detection of mouse IgG bound to R3ZZ, as well as circulating IgG. The negative controls 

taken from mice with no R3ZZ were also strongly positive, again suggesting the detection 

of circulating IgG. There was no visible difference between the negative controls and the 

sections containing R3ZZ. Attempts were made to resolve this problem within the time 

constraints of the project but this was unsuccessful. We had not anticipated at the time the 

experiment was designed that we would be unable to detect R3ZZ. Background 

accumulation is the most common problem in immunohistochemistry. The following 

paragraphs discuss the major causes of background staining and offer possible solutions to 

this problem.

5.4.2.1 Antigen Diffusion

Background staining may occur when the tissue marker to be stained has diffused from its 

sites of storage (or synthesis) into the surrounding tissue. Alpem et al demonstrated the 

presence of thyroglobulin in the cytoplasm of renal cell carcinoma cells which had 

metastasised to the thyroid gland. This was attributed to release of thyroglobulin from 

injured native thyroid with diffusion and uptake by tumor cells. [Alpem 1992]. It may also 

occur when the tissue marker is also present in high concentrations in blood plasma and 

has perfused the tissue prior to fixation. Diffusion prior to tissue fixation may result in 

immunohistochemical localisation of antigen at sites in which it does not occur in vivo. 

The extent and speed with which this may occur has been investigated with several 

antigens in tissues which were left unfixed for various lengths of time [Reid 1987]. There 

was clear evidence of diffusion when fixation was delayed for as little as 1 hour, resulting
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in focal labelling of cells which did not contain antigen in rapidly fixed tissues. Falsely 

localised antigen was particularly evident adjacent to sites containing high antigen 

concentrations and might be expected in areas permeated by antigen-containing tissue 

fluid. These findings substantiate the view that antigen diffusion should be considered as a 

cause of background positivity in any immunohistological study. This is unlikely to be a 

major factor in our study as all tissues were placed into formalin immediately after 

harvesting (i.e. within minutes). Also, as is demonstrated in the following chapter, normal 

tissue is well demarcated from melanoma in paraffin-embedded sections stained with the 

whole mAh (LHM2), suggesting that HMW-MAA difftision out of melanoma is not a 

common occurrence. Nevertheless, the high sensitivity of the CSA kit would only 

compound this problem, resulting in relatively high background accumulation. This 

coupled with relatively low amount of R3ZZ in the sections would lead to low tumour to 

normal tissue ratios, and hence poor contrast in tissue sections.

5.4.2.2 Cross-Species Reactivity

Antigen retrieval during processing of sections can induce changes in the epitope resulting 

in cross-reactivity leading to a loss of specificity by a given antibody for the antigen 

[Alexander 1997]. Cross-reactivity can also occur when an antibody reacts with a similar 

or dissimilar epitope on an unrelated antigen. This could explain the general positive 

staining of all sections (including positive and negative controls) examined. Cross-species 

reactivity where animal antigens show strong reactivity with antihuman antibodies is 

another possibility [Smith 1990; Martin 1998]. There is known rabbit cross-reactivity with 

mouse and human IgG [Kupsch unpublished]; hence goat and chicken antibodies were 

used instead. There is the possibility that cross-species reactivity with goat and chicken 

remains. This could be solved by pre-clearing these reagents on mouse and human IgG 

colunms.

5.4.2.3 Redesigning R3ZZ

Traditionally, our scFvs contain a c-myc tag as well as a hexahistidine tail, both of which 

can be used to detect the scFvs in ELISA and by SDS-PAGE and Western blotting. These 

detection tags are absent in R3ZZ and are replaced by the ZZ domain that binds IgG. This 

has been used successfully in cell ELISA to indicate simultaneous melanoma and IgG 

binding. Re-engineering the therapeutic construct may be a solution. For example
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subcloning R3ZZ with a histidine tail would enable purification on His-trap columns as 

well as detection in paraffin sections. However, the problems with solubility and 

precipitation encountered with our early scFvs (Chapter 3) may occur with this clone 

which is currently stable and soluble.

5.4.3 The Use of Frozen Sections

Most monoclonal antibodies recognize antigens which do not survive conventional tissue 

processing. The use of frozen tissue sections for immunohistological studies overcomes 

this obstacle but introduces a number of practical problems, e.g., the necessity to store 

material in the frozen state and poor morphologic preservation. The use of fi*eon for 

freezing tissue sections can slightly increase cellular morphology and staining, thereby 

diminishing background staining [Candelier 1987]. Immunofluorescent slide-mounting 

media can also be used to enhance histological preservation and immunohistological 

contrast and to diminish fading of immunofluorescence [Candelier 1987]. A study 

comparing paraffin sections of breast carcinomas to frozen sections demonstrated similar 

immunoreactivity of estrogen receptor using an anti-estrophilin monoclonal antibody and 

the avidin-biotin technique [De Rosa 1987]. Best results were obtained following fixation 

in Bonin's solution at room temperature or in formalin at 4 degrees C. Prolonged fixation 

resulted in decreased immunoreactivity and in the appearance of nonspecific cytoplasmic 

and background staining.

The use of frozen sections may provide a way to study tumour penetration as well as 

staining characteristics, but would not allow the study of archival material. As an 

alternative to frozen sections, tissues can be freeze-dried and then embedded directly in 

paraffin wax. In their paper, Stein et al showed 39 out of 40 monoclonal antibodies 

investigated stained their ffeeze-dried paraffin sections with an intensity equal to or greater 

than that observed on frozen sections [Stein 1985]. There was less diffusion artifact and 

less background staining than in cryostat sections and cellular morphology was better 

preserved. An important advantage of this method is that antigens in fi*eeze-dried paraffin- 

embedded tissue are stable, and tissue blocks may be handled in the same manner as 

conventional paraffin blocks. In addition, once the tissue has been freeze-dried, paraffin
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embedded and sectioned, the antigens it contains are resistant to fixatives (e.g., formol, 

formol sublimate, alcohols), which would very rapidly cause their destruction in frozen 

sections.

5.4.4 Alternatives to Immunohistochemistry

Alternative methods for detecting proteins are available, some of which could be suitable 

for our scFvs. Protein extraction can be used, using various lysis buffers available (Sigma, 

BioRad), to extract R3ZZ scFv from the tissue. This can then be detected by Western blot, 

which already works reliably for this scFv. This would avoid the use of 

immunohistochemistry, and the problems of background staining. However this would 

only confirm R3ZZ targeting to the tumour and would not allow the study of tumour 

penetration.

5.5 CONCLUSIONS

There are many potential approaches available for designing therapeutic scFvs. We have 

been able to demonstrate that a bispecific scFv directed towards melanoma can also be 

directed towards IgG and complement, thereby instigating melanoma destruction. The 

approach to using scFv-protein A fusion moieties is being further developed to determine 

the most efficient therapeutic constructs. It has the advantage over other scFv toxins of 

being able to recruit the whole spectrum of effector functions without significant side- 

effects. These results suggest that R3ZZ scFv may represent a useful agent to implement 

active specific immunotherapy in patients with melanoma and points to a potentially 

powerful tool for melanoma targeting.
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CHAPTER 6

6. IMMUNOHISTOCHEMISTRY USING LHM2 Mab
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6.1 INTRODUCTION

The prognosis of different melanoma types and stages varies dramatically, and histological 

diagnosis is thus paramount in patient management. Immunohistochemical analysis is most 

commonly used as an adjunct to the diagnosis of melanoma and other melanocytic lesions. 

This is especially important in a few frequently encountered cases such as amelanotic 

melanomas, poorly differentiated malignant neoplasms, desmoplastic melanomas, or 

neuroendocrine carcinomas, where the melanocytic nature of the tumour may not be 

suspected with routine stains. The markers most commonly used for routine evaluation of 

paraffin-embedded sections include SI00 and HMB-45 [Thomson 1988; Orchard 1994]. 

However, cross-reactivity with non-melanocytic cells and false-negative labelling can be a 

source of confusion when interpreting the results.

Melanoma antigens have been well characterised and many monoclonal antibodies have 

been raised against melanoma cells. Some of these antibodies define important markers in 

the initial diagnosis of melanoma, while others define melanoma progression. Most of 

these antigens are expressed by both melanoma cells and melanocytes, and thus are unable 

to differentiate benign from malignant melanocytic lesions. Highly melanoma-specific 

antibodies offer the advantage of improved diagnosis of melanomas, as well as the ability 

to differentiate benign melanocytic lesions from malignant melanomas. This chapter 

examines HMW-MAA antigen expression in a panel of benign and malignant melanocytic 

lesions, to determine if expression characteristics can be correlated with various prognostic 

factors.

6.1.1 Melanocytic Lesions and Melanoma

Melanocytic tumours, like tumours of the central nervous system, originate from the neural 

crest and are derived from progenitor cells that migrate to the epidermis [McKee 1989]. 

Fully differentiated melanocytes reside in the basal cell layer of the epidermis where they 

synthesise melanin. The spectrum of melanocytic tumours includes benign and malignant
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neoplasms, which can present a diagnostic challenge. Common acquired naevi have a small 

risk of malignant transformation [Okun 1974; Gruber 1989; Marks 1990; Massi 1999]. 

Other known precursors of melanoma include dysplastic naevi, lentigo maligna in sun- 

exposed skin, congenital giant naevi, and cellular blue naevi [Illig 1985; Kraemer 1985; 

Rhodes 1986; Skender-Kalnenas 1995; Barnhill 2000].

The diagnosis of melanoma is made when a lesion exhibits sufficient architectural and 

cytological atypia and when specific histological changes correlate with the patient’s 

biologic response [McKee 1989; Barnhill 2000]. Lesions that are often mistaken for 

melanomas include Spitz tumours, halo naevi, and dysplastic naevi. Immunohistochemical 

markers serve not only in the diagnosis of melanoma, but also in the differentiation of 

benign from malignant melanocytic lesions. The lesions examined in this thesis include 

naevi with architectural disorder and cytological atypia (dysplastic naevi), congenital and 

acquired naevi, and melanoma and its special variant (desmoplastic melanoma). The use of 

immunohistochemistry in diagnosis and prognosis of melanoma is also explored.

6.1.2 Common Acquired Naevi

These moles, which may be congenital or acquired, occur within the epidermis, papillary 

dermis, and occasionally the superficial reticular dermis. Acquired naevi are traditionally 

categorised as junctional, compound, or dermal. The junctional naevus is composed of 

discrete intraepidermal nests of cells along the dermo-epidermal junction. The compound 

naevus contains cells of both epidermal and dermal components [McKee 1989]. Almost all 

melanomas associated with naevi arise from the intraepidermal or junctional component, 

although rarely, the dermal component is involved [Okun 1974]. A direct association 

between the number of moles and the risk of melanoma does exist [Kruger 1992; Tucker

1997]. Examples of these naevi are shown in Figure 6.1.2.
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Figure 6.1.2 Common Acquired Naevi

9
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Compound melanocytic 
naevus: slightly raised 
lesion with a warty 
appearance.

"""    ^

A: Junctional melanocytic naevus 
with uniform colouration.

B: Halo naevus: melanocytic naevus 
surrounded by hypopigmented 
border.

6.1.3 Spitz Naevi (Spindle or Epithelioid Cell Tumour; Juvenile Melanoma)

Spitz naevi are solitary lesions that most often develop in children and adolescents. They 

present as pink or reddish-brown, dome-shaped papules most commonly situated on the 

cheek or extremities. They are benign lesions representing 1-2% o f surgically excised 

melanocytic lesions, yet are often misdiagnosed histologically as malignant melanomas 

[Weeden 1977; Niemann 1993; Barnhill 1995; Barnhill 2000]. Melanomas can also mimic 

Spitz naevi leading to potentially disastrous consequences [Paties 1987; Wong 1993]. The 

typical lesion (Figure 6.1.3) is less than 1 cm in diameter, shows symmetry, with nests o f 

spindle cells arising at the junctional region or within the dermis. The spindle cells are 

large with abundant cytoplasm and typically contain a single vesicular nucleus with a 

conspicuous eosinophilic nucleolus. Often present are epithelioid cells, which are 

frequently multinucleate, with bizarre shapes [McKee 1989; Crotty 1997; Barnhill 2000].
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Figure 6.1.3 Spitz Naevi

Typical pink papule o f a 
Spitz naevus in a child.

The Spitz naevus can also 
be flat and pigmented as 
seen here.

6.1.4 Dysplastic Naevi

Dysplastic naevi (Figure 6.1.4) tend to be asymmetrical and larger (> 5 mm) than ordinary 

acquired naevi, with irregular and ill-defined borders, and uneven coloration [Barnhill 

1988; Barnhill 2000]. The diagnosis o f dysplastic naevi requires the identification o f 

architectural disorder and cytological atypia [Barnhill 2000]. The dysplastic naevus is 

associated with 17-30% o f sporadic melanomas [Rhodes 1983; Gruber 1989] and up to 

70% o f familial melanomas [Greene 1985].
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Figure 6.1.4 Dysplastic Naevi

Typically, the lesions are greater than 
5mm in diameter, irregular shaped, with 
an uneven border. Colouration can vary 
often showing a mixture o f pink, pale 
and dark brown, and even black (arrow).

6.1.5 Malignant Melanoma

Primary cutaneous malignant melanoma may develop in or near one o f the precursor 

lesions or in normal skin [Illig 1985; Kraemer 1985; Rhodes 1986; Gruber 1989; Skender- 

Kalnenas 1995; Barnhill 2000]. It commonly begins as an intraepithélial proliferation that 

remains confined to the epidermis or epithelium for a variable period o f  time up to 10 years 

[Komberg 1978; Guerry 1993]. This is termed the radial or horizontal growth phase [Clark 

1984]. This intraepidermal growth may become an invasive tumour that has the capacity to 

form a confluent cellular nodule or to deeply infiltrate the reticular dermis and 

subcutaneous fat [Clark 1969; Clark 1984]. This is termed the vertical growth phase. The 

nodule may be dusky blue (Figure 6.1.5a), or may be flesh-coloured as seen in amelanotic 

melanomas. The incidence o f primary amelanotic melanoma has been estimated to be 1.8% 

in one series [Giuliano 1982], and the absence o f melanin pigment thus makes the 

diagnosis o f such lesions more challenging.
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Primary cutaneous melanomas are classified in a number of ways. Histologically, they can 

be classified by growth phase. Lesions with adjacent radial growth phase are traditionally 

designated as malignant melanomas of the pagetoid (superficial spreading melanoma) or 

lentiginous (lentigo maligna, acral lentiginous and mucosal lentiginous melanomas) types 

[Clark 1969; Clark 1984; McKee 1989] (Table 6.1.5a). Superficial spreading melanoma is 

the most common type accounting for 70% of all melanomas [Clark 1969]. Lentigo 

maligna melanoma (Hutchinson’s freckle) accounts for 4-10% of cases [Clark 1969]. This 

type of lesion is typically located on the face, more commonly in females and the elderly 

population [Cohen 1994]. Acral lentiginous melanomas also account for 2-8% of lesions 

but accounts for up to 60% of melanomas in Blacks and Asians [Krementz 1976; Crowley 

1991; Bellows 2001] where the prognosis is poor [Krementz 1976; Reintgen 1982; Bellows 

2001]. This type typically occurs on the hands or feet, or beneath the nail beds. Melanoma 

may develop without an adjacent intraepidermal component, and this subtype is known as 

nodular melanoma (absence of radial growth phase) [Clark 1969; Clark 1984; McKee 

1989] (Figure 6.1.5a). Nodular melanoma is a more aggressive tumour accounting for 15- 

30% of cases [Clark 1969] and is found more commonly on the trunk, head or neck. These 

subtypes are shown in Figure 6.1.5a.

The levels of skin invasion have been classified by Clark and are shown in Table 6.1.5a. 

Metastatic melanoma in the skin may first appear in the papillary dermis, reticular dermis, 

or subcutaneous fat [Komberg 1978; Guerry 1993]. Once invasion has progressed beyond 

the subcutaneous tissue, metastasis occurs usually via the lymphatics (Figure 6.1.5b) but 

also by haematogenous spread [Barnhill 2000].

194



Im iu unoh istochcin istry  i  sin^ I.IIM 2 .Mnh

Figure 6.1.5a Clinical Subtypes of Primary Melanoma

Superficial Spreading 
Melanoma

Subungal (acral) Melanoma

Lentigo
Maligna
Melanoma

Nodular
Melanoma

Figure 6.1.5b Lymphatic Spread of Metastatic Melanoma to 
Axilla

Picture showing the primary melanoma (?) in the 
forearm and lymph node métastasés (M) in the axilla.

(Photo courtesy of RAFT Institute o f  Plastic Surgery)
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Clark’s Levels of Melanoma Invasion

Level I Melanoma confined to epidermis (in-situ) Radial growth 

phaseLevel II Invasion through basement membrane to 

papillary dermis
Level III Penetration to papillary-reticular junction

Vertical growth 

phase
Level rV Invasion into reticular dermis

Level V Penetration into subcutaneous fat

(Adaptedfrom Clark 1969)

Staging of melanoma is by Clark’s anatomical microstaging system (Table 6.1.5a), 

Breslow’s thickness (Table 6.1.5b) [Breslow 1975], and the American Joint Committee on 

Cancer TNM System (Chapter 1.1.5) [Balch 2001a; Balch 2001b].

Table 6.1.5b Breslow’s Staging of Melanoma 
Thickness

Breslow’s Thickness 5-year survival

< 0.75 mm 97%

0.76 - 1.50 mm 92%

1.51 - 4.0mm 68%

>4.1 mm <50%

(Adaptedfrom Breslow 1975)
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6.1.6 Desmoplastic Melanomas

The desmoplastic melanoma occurs almost exclusively in elderly patients with a 

predilection for sun-exposed areas of the head and neck region [Conley 1971]. It presents 

as a slow-growing, mole-like or scar-like skin lesion ranging from several mm to 6 cm in 

size with a grave prognosis and high recurrence rate [Egbert 1988; Kaneishi 1998]. This 

melanoma is a highly aggressive, and diagnosis is often difficult, requiring a high index of 

suspicion [Whitaker 1992]. This type of melanoma has usually invaded into the deep 

reticular dermis or into the subcutis by the time the biopsy is taken and thus requires wide 

margins of resection.

The invasive component of this type of melanoma can resemble a variety of benign and 

malignant spindle cell tumours of skin [Conley 1971; Egbert 1988]. The diagnosis 

frequently depends on demonstrating the radial growth phase of a melanoma, and this is 

usually lentiginous [McKee 1989]. If the radial growth phase of the melanoma is not 

demonstrated, as is often the case with small biopsies, the diagnosis may depend on a high 

degree of suspicion by the pathologist that is confirmed by appropriate immunoperoxidase 

studies. This type of melanoma is almost always S I00 positive and usually HMB-45 

negative [Skelton 1991; Blessing 1998]. An S I00 study is often necessary to distinguish 

between tumour and early scar in margins of resection. To date, no other antibody can 

detect desmoplastic melanomas in frozen sections or paraffin-embedded sections reliably.
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6.2 IMMUNOHISTOCHEMICAL MARKERS

6.2.1 SlOO Protein

The SlOO protein is from a family of acidic Ca^^-binding proteins including calmodulin 

and troponin C [Isobe 1978] and is the most commonly used reagent. It is localised mainly 

in glial and Schwann cells of the nervous system [Ludwin 1976]. It is also highly expressed 

in several non-neuronal cells, such as melanomas, melanocytes and Langerhans cells of the 

skin [Cocchia 1981; Nakajima 1982; Duray 1988; Ordonez 1988; Paul 1988; Wick 1988a] 

interdigitating reticulum cells of the lymphoid tissues [Takahashi 1981], chondrocytes and 

osteosarcomas [Stefansson 1982]. More recently, it has been found to be a differentiation 

marker in follicular carcinoma of the thyroid [Nishimura 1997]. Table 6.1.2 lists various 

tissues with SlOO immunoreactivity.

Expression of SlOO is found in malignant melanoma, and elevated serum levels of SlOO 

have been described in metastatic melanoma [Gaynor 1981]. Increased serum SlOO has 

been identified as a marker of disease progression in metastatic melanoma [Guo 1995] and 

correlates with poor outcome [Buer 1997]. It has a recognised role as a prognostic marker 

for cutaneous melanoma [Abraha 1997] and remains superior to other markers for 

detecting desmoplastic melanomas and spindle cell melanomas [Skelton 1991; Blessing

1998]. However, its lack of specificity has caused a search for new melanoma-specific 

antibodies which are target-specific.
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Table 6.2.1 Tissues Demonstrating SlOO Immunoreactivity

Tissue Referenee(s)

Melanocytes, Spitz Naevi
Cocchia 1981, Takahashi 1984, Nakajima 

1982, Vanstapel 1986

Melanoma
Gaynor 1981, Cochran 1982, Nakajima 1982, 

Springall 1983, Cochran 1984, Eng 2000

Lymphoid tissue Takahashi 1981, Vanstapel 1986

Mesenchymal cells (adipocytes, 

chondrocytes)
Stefansson 1982, Vanstapel 1986

Thyroid cells Vanstapel 1986, Nishimura 1997

Nervous tissue Ludwin 1976, Vanstapel 1986

Blood vessels. Breast carcinoma. 

Mammary and Sweat glands. 

Salivary Glands, Pancreatic cells. 

Biliary epithelium. Kidneys

Vanstapel 1986

6.2.2 HMB-45

HMB-45 is a monoclonal antibody that reacts with a melanosome-related protein and has 

been shown to be a specific marker of immature and neoplastic melanocytes [Gown 1986]. 

It recognises the melanocyte differentiation antigen gplOO [Adema 1993; Adema 1994]. It 

has a high specifieity for melanoma and, in general is not immunoreactive with 

carcinomas, lymphomas, or sarcomas [Gown 1986; Wick 1988a]. It has recently been 

reported to cross-react with 2% of breast carcinomas and 6% of normal breast tissue 

[Bonetti 1989], but does not stain desmoplastic melanomas [Wick 1988b; Skelton 1991; 

Blessing 1998] and may not stain spindle cell melanomas and some amelanotic lesions 

[Skelton 1991; Xu 1996]. It also stains blue naevus cells and may stain the dermal 

component of certain dysplastic naevi [Smoller 1989; Skelton 1991]. HMB-45 recognises 

junctional naevi. Spitz naevi, and atypical melanocytic hyperplasias [Gown 1986], and thus 

is not useful in distinguishing benign and malignant melanocytic proliferation. Its great use
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is as a confirmatory antibody in conjimction with the S-100 stain.

6.2.3 Antibodies to Melan-A

Meian-A is a melanocyte differentiation antigen present in normal skin melanocytes as well 

as melanomas. Antibodies to melan-A are relatively new and commercially available. They 

cannot be used to distinguish benign from malignant melanocytic lesions. They have a 

staining pattern similar to SlOO within cells of the melanocytic lineage with the exception 

of desmoplastic melanomas, where anti-melan-A antibodies are less sensitive and clearly 

inferior [Blessing 1998; Clarkson 2001]. They are thought to have superior sensitivity for 

metastatic melanoma when compared to HMB-45 [Blessing 1998; Fetsch 1999].

6.2.4 Tyrosinase

Tyrosinase is an enzyme involved in the initial stages of melanin biosynthesis in 

melanocytes and melanoma cells [Kwon 1993]. Detection of tyrosinase mRNA in the 

peripheral blood [Kunter 1996] and in lymph nodes [Blaheta 1998] is possible by reverse 

transcriptase-polymerase chain reaction (RT-PCR). Monoclonal antibodies (Mab) that 

detect tyrosinase expression in paraffin embedded sections have been used to detect 

amelanotic melanomas [Kaufmann 1998] and conventional melanomas [Hofbauer 1998; 

Clarkson 2001]. Tyrosinase expression has not been detected in desmoplastic melanomas, 

but is thought to show greater sensitivity than HMB-45 and less sensitivity than anti- 

melan-A Mabs for melanocytes [Clarkson 2001].

6.2.5 Other Markers

Other immunological markers for melanoma include NKI/C3 and neuron-specific enolase 

(NSE) [Brochez 2000]. NKI/C3 is a cytoplasmic glycoprotein present in melanoma cells 

and melanosomes [Mackie 1984]. It cross-reacts with carcinoid and medullary carcinoma
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of the thyroid and with some inflammatory cell types. These markers lack specificity and 

sensitivity and are often used in concert with a panel of antibodies against other tumour 

markers, for example cytokeratins, vimentin and leucocyte common antigen [Gown 1986; 

Wick 1988a]. These markers have a confirmatory role, and when used with routine markers 

safeguard against misinterpretation of unusual results.

6.2.6 Prognostic Markers

Historically, efforts have been made to relate variable clinical and histological 

characteristics to melanoma survival or prognosis in patients [Allen 1953]. Other than 

thickness [Breslow 1970; Breslow 1975], no prognostic variable has proved to have 

independent prognostic value. However a number of variables have been reported to 

modify the predictive meaning of thickness in some studies. These include anatomic level, 

phase of tumour growth, ulceration, regression, pigmentation, and host response [Clark 

1969; Clark 1986].

6.2.7 Melanoma Antigens

High molecular weight, melanoma-associated antigen (HMW-MAA) is one of the best- 

characterised melanoma antigens and is very specific for melanoma [Kang 1997]. It has 

been found in over 85% of surgically removed melanoma lesions tested [Giacomini 1984; 

Natali PG 1984]. It is a cell-surface antigen [Wilson 1981], whose restricted expression in 

normal tissues is well known [Natali 1981; Giacomini 1984; Natali 1984]. Its expression is 

not thought to change over the course of the disease, and is not affected by chemotherapy. 

HMW-MAA expression exhibits low heterogeneity among melanoma lesions and among 

cells within the lesions [Natali 1984; Natali 1985].

HMW-MAA has been detected in hair follicles (basal kératinocytes) and basal cells of 

epidermis, as well as chondrocytes, and thus has limited distribution in normal tissues. It 

has also been expressed by pericytes during angiogenesis in tumours and healing wounds.
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but not in normal tissues [Schlingemann 1990]. It is expressed in fetal melanocytes and 

melanoma, but not in mature melanocytes [Kageshita 1985]. It has also been expressed in 

naevi and some skin carcinomas [Natali 1981]. Between 1x10^ and 2x10^ antigenic sites 

have been detected on cultured melanoma cells [Ross 1983; Giacomini 1985].

MARTl/Melan-A and Pmell7/gpl00 are melanoma-associated antigens that can be 

recognised by tumour-infiltrating lymphocytes and are currently being investigated as 

targets for immunotherapy for metastatic melanoma [Rosenberg 1995; Marincola 1996; 

Zhai 1996; Cormier 1998].

6.2.8 Rationale For Use Of LHM2 Monoclonal Antibody

HMW-MAA is recognised by the murine Mab LHM2 (London Hospital Medical College 

clone 2), and this Mab has been used to stain frozen tissue sections containing cutaneous 

melanomas [Kupsch 1995]. HMW-MAA is a highly melanoma-specific high molecular 

weight proteoglycan, with expression on non-melanoma tissues being restricted to few 

tissues [Kupsch 1995]. This chapter evaluates the expression of HMW-MAA in a number 

of melanocytic lesions and the ability of LHM2 Mab to aid assessment and prognosis of 

melanoma.

The aims are:

1. To establish whether LHM2 Mab could be used to identify HMW-MAA in paraffin- 

embedded cutaneous melanoma specimens

2. To establish whether HMW-MAA could be used to differentiate benign melanocytic 

lesions from malignant melanomas

3. To characterise HMW-MAA expression and establish whether it is a prognostic marker 

for cutaneous melanoma

4. To establish whether HMW-MAA could be used to diagnosis desmoplastic melanomas

As a comparison SI00, which is frequently used in melanoma diagnosis, was also 

investigated.
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6.3 MATERIALS AND METHODS

6.3.1 Lesions Studied

131 cutaneous melanocytic lesions were identified from the Department of Pathology, 

Mount Vernon Hospital, Northwood. They were formalin-fixed paraffin-embedded 

material and included: 30 primary melanomas, 56 metastatic melanomas, 3 desmoplastic 

melanomas, 10 dysplastic naevi, 13 Spitz naevi, and 19 benign naevi.

6.3.2 Immunohistochemistry

The sections were stained for S I00 and HMW-MAA. Immunohistochemical staining was 

achieved using the Catalysed Signal Amplification kit (CSA K1500, Dako®) and the 

Vector kit as described in Section 2.10. Briefly, formalin-fixed, paraffin wax-embedded 

tissues were sectioned at 4 microns onto APES-coated polylysine slides. For LHM2 

staining, LHM2 Mab was used 1:200 to detect HMW-MAA. Biotinylated rabbit anti

mouse IgG (Sigma) was used as the secondary antibody. ABC complex from the CSA kit 

(Dako®) was made up according to manufacturers instructions and applied for 15 minutes, 

followed by the amplification reagent (15 minutes), followed by the streptavidin peroxidase 

reagent for 15 minutes. Finally VIP substrate reagent (Vector) was applied for 5 to 15 

minutes producing a purple chromogen. The substrate used was selected as an alternative to 

the more commonly used DAB substrate (3,3’-diaminobenzidine, Dako), which produces a 

brown chromogen, to prevent confusion with any melanin or other tissue pigment. This 

was then counterstained with Light Green counter-stain (Vector).

The primary antibody for S I00 staining was rabbit anti-bovine S I00 polyclonal antibody. 

The secondary antibody was biotinylated swine anti-rabbit Ig. Vector Red (Vector) was 

used as the colour substrate, and the sections were counter-stained with haematoxylin. 

Negative controls included sections to which no primary antibodies were applied. Murine 

antibodies to renal epithelial membrane antigen (EMA; Dako) were used to assess the
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Staining technique. Peripheral nerves were used as positive controls for SI00.

6.3.3 Analysis of Results

All slides were reviewed blind by two observers. Immunostaining was assessed as positive 

if any of the cells were stained purple in either epithelial or stromal components (ranging 

from clusters of stained cells to the staining of virtually all cells). Slides showing 

background (green) staining only were scored as negative. In order to evaluate the clinical 

significance of HMW-MAA expression, the following clinical information was sought 

from each patient's records:

1. Age

2. Sex

3. Date of primary diagnosis

4. Site of primary tumour

5. Clinical subtype of tumour

6. Histological parameters of primary lesion

7. Maximal (Breslow) tumour thickness

8. Clark's level of invasion

9. +/- ulceration

10. Regional nodes

11. Distant métastasés

12. Length of follow up

13. Overall survival

14. Stage of disease

The relationship between HMW-MAA expression and the factors listed above were tested 

using a simple t test, p values <0.05 were considered statistically significant.
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6.4 RESULTS

6.4.1 Benign Melanocytic Lesions

15 out of 19 specimens containing benign naevi showed positivity with S I00 staining (4 

out of 19 specimens were negative). Anti-SlOO protein stained all components of benign 

naevi. Within normal skin anti-SlOO protein also stained Langerhans cells, nerve bundles 

and skin appendages as well as melanocytic cells. Staining intensity varied within 

specimens and between specimens. 9 out of the 19 specimens containing benign naevi 

showed positivity with LHM2 staining (10 out of 19 specimens were negative). Examples 

are shown in Figure 6.4.1. The level of expression of HMW-MAA was variable between 

the positively stained specimens. HMW-MAA was expressed mainly by the epidermis, 

some basal kératinocytes, and kératinocytes in the outer hair root sheath. None of the naevi 

showed positive binding to melanocytes or naevus cells. The data is summarised in Table 

6.4.8.

6.4.2 Spitz Naevi

12 out of 13 specimens containing Spitz naevi showed positivity with S I00 staining (1 out 

of 13 specimens were negative). Staining was diffuse involving all cellular components of 

the epidermis and dermis. All of 13 specimens containing Spitz naevi showed positivity 

with LHM2 staining. Examples are shown in Figure 6.4.2. Nests of positively stained 

(purple) spindle-shaped cells were seen arising at the junctional region or within the 

dermis. Typically enlarged spindled or epithelioid melanocytes formed junctional nests and 

extended downward from the dermoepidermal junction in cords, and then into the reticular 

dermis as smaller fascicles and single cells (seen with S I00 and LHM2 staining). The data 

is summarised in Table 6.4.8.
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Figure 6.4.1 Immunoreactivity of Benign Naevi With SlOO and 
LHM2 Antibodies

S100 X4 LHM2

Benign naevus stained with SlOO and LHM2 antibodies.

Figure 6.4.2 Immunoreactivity of Spitz Naevi With SlOO and LHM2 
Antibodies

S100 LHM2

Q |

ii
Spitz naevus stained with SlOO. 
Nests o f epithelioid cells are 
present in papillary dermis. 
Note large mononuclear and 
multinucleate epithelioid cells.

m a

'..‘.S

Spitz naevus stained with LHM2. 
Note positively stained (purple) 
spindle cells arising at junctional 
region and within dermis.
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6.4.3 Dysplastic Naevi

9 out o f 10 specimens containing dysplastic naevi showed positivity with SlOO staining. 

This involved mainly the basal epidermis or junctional area. Important architectural 

findings in dysplastic naevi included basilar melanoeytic hyperplasia, bridging o f adjaeent 

nests o f nevomelanocytes, lymphocytic infiltrates, and fibroplasia in the papillary dermis. 

In one case staining extended well into the dermis. There was no SlOO immunoreactivity in 

1 specimen. 3 out o f 10 specimens containing dysplastic naevi showed positivity with 

LHM2 staining (7 out o f 10 specimens were negative for LHM2). Staining was confined to 

the basal epidermis and dermis. Positively stained (purple) nests o f various sizes and 

shapes were seen along the dermoepidermal junction. Examples are shown in Figure 6.4.3. 

Ineidental staining was noted o f hair follicles and sebaceous glands (Figure 6.4.8). The data 

is summarised in Table 6.4.8.

Figure 6.4.3 Immunoreactivity of Dysplastic Naevi With SlOO and 
LH1V12 Antibodies

S100 LHM2

Typical section showing 
positive staining with SlOO.

Section showing positive 
staining with LHM2 within the 
dermis.
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6.4.4 Primary Melanomas

30 specimens containing primary cutaneous melanoma were stained with SlOO, o f which 

28 were positive and 2 were negative. Staining intensity varied between specimens and 

there was noticeable heterogeneity within specimens. All cellular components were stained 

to varying degrees within the positive sections. The 30 specimens containing primary 

cutaneous melanoma were also stained with LHM2. Staining intensity with LHM2 also 

varied between specimens, and intensity was graded as strong or weak. All 30 specimens 

were positive for LHM2. Within the sections, areas containing melanoma stained purple, 

whilst areas o f normal tissue stained green. The melanoma exhibited clear (green) nuclei, 

and positive (purple) staining o f the cytoplasm as well as the cell membrane. There was a 

clear demarcation between melanoma and normal tissue. 24 o f the specimens were strongly 

positive and 4 were weakly positive (Figure 6.4.4). In the remaining 2 specimens there was 

heterogeneity o f staining intensity within the specimens. Incidental staining was noted o f 

hair follicles and sebaceous glands (Figure 6.4.8). The data is summarised in Table 6.4.8.

Figure 6.4.4 Immunoreactivity of Primary Melanomas with SlOO 
and LHM2 Antibodies

1x4 T"?

wmn

i M
iil

S100 LHM2

Paraffin embedded sections o f primary cutaneous melanomas. These 
sections show positive staining for SlOO and LHM2.
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6.4.5 Metastatic Melanomas

Fifty-six specimens containing metastatic cutaneous melanoma were stained with SlOO, o f 

which 53 were positive. Three specimens were negative. Staining intensity varied between 

specimens and there was noticeable heterogeneity within speeimens. The sections were 

also stained with LHM2 using the CSA method as previously described Chapter 2. S-100 

and H&E staining was also carried out on the same sections. 55 o f 56 paraffin sections 

containing metastatic melanoma stained positive with LHM2. Positive (purple) staining o f 

melanoma was on the cell surface in a granular pattern. The nuclei o f melanoma eells were 

unstained (green). Staining intensity was noted to vary from section to section and was 

graded as strong or weak to assess its significance as a potential prognostic marker. 26 

melanomas were strongly positive, whilst 25 were weakly positive. 4 specimens contained 

areas o f both strong and weak staining within the sections (Figure 6.4.5a). The data is 

summarised in Table 6.4.8.

Figure 6.4.5a Immunoreactivity of Metastatic Melanomas with 
H&E Staining, SlOO and LHM2 Antibodies

NT- NT

H&E S100 LHM2

Lymph node containing metastatic melanoma was sectioned 
serially and stained with H&E, SlOO, and LHM2. LHM2 stains as 
reliably as SlOO, with good demarcation between tumour (T) and 
normal tissue (NT).
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Figure 6.4.5b Immunoreactivity of Metastatic Melanoma with 
LHM2 Antibody (Higher Magnification)

Clear 
demarcation

Staining
granular

Nuclei
clear

Normal
Tissue

Melanoma

The melanoma (purple) is well-demarcated from the nornial tissue 
(green). The melanoma is stained in a granular pattern but the nuclei 
are negatively stained (green).

Figure 6.4.5c Immunoreactivity of Metastatic Melanoma with H&E 
Stain and SlOO Antibody (Higher Magnification)

H&E x40

H&E staining showing normal 
tissue (NT) adjacent to metastatic 
melanoma (T). H&E is useful for 
assessing cellular morphology & 
detecting abnormality, but does not 
differentiate between tumour types.

S100 x40

SlOO staining (counterstained 
with Haematoxylin) showing
normal tissue (NT) adjacent to 
metastatic melanoma (T).
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At high magnification there was a clear demarcation between melanoma in purple and 

normal tissue in green (Figure 6.4.5b). Cellular morphology was seen clearly when 

sections were counterstained with haematoxylin (Figure 6.4.5c). Incidental staining of 

structures such as epidermal basal layer, hair follicles and eccrine ducts was observed for 

LHM2.

6.4.6 Corresponding Primary and Metastatic Melanomas Stained with LHM2 Mab

Thirty of the 56 specimens containing metastatic melanoma were selected at random for 

further studies into HMW-MAA expression. Some of the 30 metastatic melanoma 

specimens corresponded to patients from whom specimens of primary melanomas had been 

studied. Thus a subset of 30 patients with corresponding primary and metastatic lesions 

was studied further to evaluate HMW-MAA expression in the group. HMW-MAA 

expression was graded as strong or weak, and expression characteristics compared. Fifteen 

patients exhibited strong HMW-MAA expression in both their metastatic and primary 

specimens. The remaining 15 patients however exhibited weak HMW-MAA expression in 

the metastatic specimens and strong HMW-MAA expression in their primary melanomas. 

They were thus subdivided into two further groups: patients with maintained staining 

intensity (group 1), and patients with reduced staining intensity (group 2) (Figure 6.4.6a). 

There was no statistically significant difference between antigen expression of the two 

groups and outcome (disease-free interval) when using the simple t test (p=0.9635) (Figure 

6.4.6b). Statistical analysis of this data was examined to take into account other factors 

such as age and stage of disease. Staining intensity did not correlate with stage of disease or 

tumour progression (p>0.05 for all factors examined). These results are summarized in 

Tables 6.4.6a and 6.4.6b. The degree of antigenic heterogeneity of the lesions did not 

appear to correlate with melanin content, with the histopathological features of the lesions, 

and/or with the clinical parameters of the disease.
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Table 6.4.6a Staining Intensity of All Primary and Metastatic 
Melanoma Specimens with LHM2

Staining Intensity with LHM2 Primary Melanomas Metastatic Melanomas

None 0 1

Weak 4 25

Strong 24 26

Mixed 2 4

Total 30 56

Table 6.4.6b Staining Intensity of Corresponding Primary and 
Metastatic Melanoma Specimens with LHM2

Staining Intensity with LHM2 Primary Melanomas Metastatic Melanomas

None 0 0

Weak 0 15

Strong 30 15

Mixed 0 0

Total 30 30
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Figure 6.4.6a Relationship Between Antigen Expression (Staining 
Intensity) and Outcome
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Figure 6.4.6b Correlation Between the Two Patient Groups and 
Outcome (Disease-Free Interval)
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6.4.7 Desmoplastic Melanomas

All 3 specimens containing desmoplastic melanoma were positive with both SlOO and 

LHM2. Positive staining with SlOO was strong in all specimens. Positive staining with 

LHM2 was patchy, with varying intensity in all specimens. There were islands o f 

melanoma within the dermis which stained strongly positive with LHM2. The dermal 

components resembled scar tissue in all sections (both SlOO and LHM2). Spindle cells 

could be identified which were strongly positive with LHM2, aiding the diagnosis. Some 

areas o f the sections exhibited non-specific (background) purple staining with LHM2. 

Whilst the morphology o f the cells was not clearly delineated as for SlOO, the spindle cells 

identified from S 100-stained sections were clearly identified (positive) in the LHM2- 

stained sections (Figure 6.4.7). The data is summarised in Table 6.4.8.

Figure 6.4.7 Immunoreactivity of Desmoplastic Melanomas with 
SlOO and LHM2 Antibodies

S100

Desmoplastic 
melanoma 
stained with 
SlOO.

mmim

LHM2

Note positively 
stained (purple) 
spindle-shaped 
fascicles within 
the dermis.
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6.4.8 Additional Observations

Incidental staining o f hair follicles and sebaceous glands with LHM2 Mab was noted in the 

specimens examined (Figure 6.4.8). The immunoreactivity o f all specimens stained with 

LHM2 and SlOO antibodies is summarized in Table 6.4.8.

Figure 6.4.8 Incidental Staining of Normal Tissues with LHM2 
Mab

r
«

x10

Basal
layer

Hair
fo llic les

r  j.
• ’“ « K  i ? v  ' ■

x20

Eccrine
ducts

Normal tissues expressing HMW-MAA. Positive staining (purple) with 
LHM2 Mab of the basal epidermal layer, hair follicles, and eccrine ducts.

Table 6.4.8 Positive Staining of All Specimens Stained with 
SlOO and LHM2

SlOO LHM2

Benign naevi (including Spitz Naevi) 27/32 (84%) 22/32 (69%)

Dysplastic Naevi 9 /10(90% ) 3/10(30%)

Primary M elanoma 28/30 (93%) 30/30 (100% )

M etastatic Melanoma 53/56 (95%) 55/56 (98%)

Desmoplastic M elanoma 3/3 (100%) 3/3 (100%)
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6.5 DISCUSSION

Immunohistochemical confirmation is vital for diagnosing both primary and metastatic 

melanomas. The diagnosis of primary melanoma is important as the treatment, prognosis 

and future management of malignant melanoma differs from the other cutaneous tumours. 

Also, there are benign melanocytic lesions (i.e. Spitz naevi) which mimic melanoma 

[Barnhill 1995; Barnhill 2000] and likewise melanomas which mimic benign naevi 

[Conley 1971; Whitaker 1992]. Desmoplastic melanomas are examples of the latter. SlOO 

protein, in particular, and HMB-45 are the two antibodies which are used routinely in 

melanoma diagnosis, but there are problems with both specificity and sensitivity of these 

antibodies.

6.5.1 LHM2 Immunoreactivity

We have demonstrated that the LHM2 Mab reacts with HMW-MAA in primary and 

metastatic melanomas in formalin-fixed paraffin-embedded tissues. The specificity of 

LHM2 has previously been investigated in frozen sections and paraffin-embedded sections 

of cutaneous melanomas as well as a panel of normal and non-melanocytic lesions [Kupsch 

1995] and was further confirmed in this thesis. The finding that LHM2 Mab discriminates 

between melanocytes and melanoma cells [Kupsch 1995] has also been confirmed. The 

specificity of LHM2 was generally restricted to melanoma sections and to some pigmented 

naevi. HMW-MAA was expressed most strongly in melanomas and less strongly by benign 

naevi. Reaction with melanocytes was negative. The demonstration of murine Mab LHM2 

binding by 98% of human melanoma specimens confirms previous studies which implicate 

HMW-MAA as a “pan-melanoma” antigen [Liao 1987].

SlOO was highly expressed and homogenous in benign and malignant lesions, although 

there were occasional lesions in which the whole lesion did not stain positively for SlOO. 

These specimens did stain uniformly positive with LHM2. This may reflect reduced SlOO 

levels in some areas of the lesion, or technical problems such as variable antigen retrieval.
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LHM2 was present in a pattern strikingly dissimilar to SlOO. The staining was granular in 

nature. It also did not stain nerves (not shown), but incidental staining in hair follicles and 

glandular tissues was noted. LHM2 staining was positive in 69% (22/32) of benign lesions 

(including Spitz naevi), compared to 84% (27/32) with SlOO. This is important, as a small 

percentage of these lesions are known to progress to melanoma [Kruger 1992; Tucker

1997]. The staining pattern of these lesions warrants further studies, as it could be used to 

identify patients at risk of developing melanomas. Other authors have reported SlOO results 

comparable to our series. Vanstapel et al observed that SlOO immunoreactivity often 

showed marked variability among biopsies [Vanstapel 1986]. This variation may 

conceivably reflect differences in antigenic dénaturation occurring during tissue processing.

6.5.2 Background Immunoreactivity

One possible limitation of LHM2 staining is the incidental staining of sebaceous glands 

and hair follicles. While the occasional appearance of non-specific staining makes the use 

of LHM2 less than ideal, many antibodies currently used in immunohistochemistry suffer 

from the same problem. SlOO is known to stain dendritic cells and fat [Vanstapel 1986] 

whilst NKJ/C-3 stains mast cells and sweat glands [van Duinen 1984]. Antibodies to 

smooth muscle actin can also give a high background [Yaziji 2000]. Nevertheless, these 

immunostains prove invaluable when used in combination with observations of staining 

pattern and intensity.

6.5.3 Staining Intensity and Prognostic implications

In our series of melanoma tissues, there was variation in staining intensity with LHM2 

Mab. Staining varied in intensity not only among cells of the same section but also between 

different specimens. Attempts were made to evaluate this by correlating staining intensity 

with various prognostic factors. No absolute correlation was found in the expression of 

HMW-MAA. The degree of antigenic heterogeneity of the lesions did not appear to 

correlate with histopathological features of the lesions and/or with the clinical parameters
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of the disease. Similar results have been reported for HMW-MAA [Natali 1985]. The non

uniformity of staining within and among specimens may reflect heterogeneity of the 

tumour-cell population or differences in antigenic expression relative to the cell cycle. 

Similar observations have been made for other tumour-associated antigens defined by 

monoclonal antibodies [Colcher 1981; Yeh 1981; Garrigues 1982].

In addition, we observed variation in expression of HMW-MAA between primary and 

metastatic lesions. Some of the recurrent lesions stained as intensively as their primary, 

while half were more intensively positive for HMW-MAA in the primary lesion. These 

changes over time could be ascribed to phenotypic variation in the state of differentiation 

(premelanosome formation) of the same tumour. Such down-regulation of antigen 

expression in some cases of advanced melanoma may explain the sub-optimal 

immunoscintigraphic images obtained from patients with stage IV melanoma but not for 

patients in earlier stages [Siccardi 1990]. This type of variability was not seen with SlOO 

which showed more homogenous staining with no variability between the primary and the 

recurrent lesion.

HMW-MAA was expressed by most primary and metastatic cutaneous melanomas 

examined. There appeared to be a weaker level of expression in metastatic than in primary 

cutaneous melanomas. This contrasts with acral lentiginous melanomas (ATM) where 

levels of HMW-MAA have been shown to be significantly higher in metastatic than in 

primary lesions [Kageshita 1992]. It is not known whether the preferential expression of 

HMW-MAA in ATM métastasés is an incidental finding or reflects a functional role of 

these antigens in the metastatic process of ATM cells. Werkmeister et al found in their 

study that expression of some melanoma-associated antigens is associated with a 

favourable clinical outcome [Werkmeister 1980]. The role of this antigen in metastatic 

disease remains to be fully explored and its expression (or loss of) may indicate an 

unfavourable clinical course or may serve as a marker of the degree of malignancy of 

melanoma cells. No correlations between expression levels and other parameters such as 

age, tumour thickness, and lymphocytic infiltrate were found. Additional studies in large 

numbers of patients are required if a role for HMW-MAA expression as a prognostic
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parameter is to be found.

Similar studies of melanoma antigen expression have been carried out in the context of 

immunotherapy [Fetsch 2001]. Peptide vaccination against melanoma antigens can produce 

a powerful cytotoxic T-lymphocyte response [Kawakami 1994]. It is thought that antigen 

expression may diminish due to selective immunodestruction of tumour cells or as a means 

to escape immunosurveillance [Lee 1998; Riker 1999]. Studies determining the role of 

melanoma-associated antigens for immunohistochemical diagnosis of métastasés in 

patients undergoing vaccines trials have shown interesting results. In one study, post

vaccination biopsies of metastatic melanoma demonstrated loss of MART-1 expression, 

evidence of melanocytes damage, and the complete absence of melanocytes in affected 

regions of the skin [Yee 2000]. In another study, a comparative analysis of repeated 

biopsies of the same metastatic lesions over a 9-month period showed a gradual loss of 

MART -1 /MelanA expression in 4 of 5 patients with tumour progression [Jager 1997]. 

Fetsch et al were unable to show a statistically significant change in antigen expression, but 

noted a trend toward a decline in staining intensity of tumour cells for HMB-45 [Fetsch 

2001]. However, in contrast to the studies above they were unable to demonstrate this trend 

with MART-1 immunoreactivity. The difference in the results may well be a reflection of 

the sampling method (FNA vs. biopsy). These studies show similarities to our own and 

confirm that changes in the expression of melanoma-associated antigens can provide vital 

insight into the mechanisms of tumour escape and immunosurveillance, as well as 

diagnosis.

6.5.4 Desmoplastic Melanomas

Desmoplastic melanomas are notoriously difficult to identify. Often, the diagnosis is made 

by one of exclusion. These melanomas require a wider excision margin than ordinary 

melanomas, and hence the diagnosis is often made when there is stubborn recurrence. At 

which point the diagnosis is difficult; scar tissue can mimic desmoplastic melanomas and 

vice versa. Only three sections containing desmoplastic melanomas were identified from 

the pathology database at Mount Vernon Hospital. This small number may well be a
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reflection of inaccurate recordings in the database due to initial misdiagnosis rather than 

rarity of cases.

It is thus important that the correct diagnosis is made during the excision biopsy, to ensure 

that a wide-enough excision margin is taken. Currently, SlOO is the diagnostic marker of 

choice for desmoplastic melanomas, being positive in 80-90% of cases. Neuron-specific 

enolase (NSE) has been found to be reliable for detecting desmoplastic melanomas [Anstey 

1994]. HMB-45 staining is also used but is only positive in up to 20% of cases [Skelton 

1991; Blessing 1998]. It is thus important that other reliable markers for this aggressive 

melanoma be identified and used. Our findings indicate that immunocytochemistry is of 

less value in the diagnosis of desmoplastic malignant melanoma than it is with other types 

of malignant melanoma. However, positive or negative labelling for S-100 protein and 

NSE is useful for suggesting or excluding a diagnosis of desmoplastic malignant 

melanoma; neither marker is specific and, in particular, positive labelling is also found in 

most neurofibromas and benign cellular naevi.

To date there are no other published antibodies which are able to detect desmoplastic 

melanomas reliably. HMW-MAA had been identified for the first time through section 

staining for desmoplastic melanomas. The staining for HMW-MAA was less sensitive than 

SlOO. Whilst this preliminary study was limited to three specimens due to availability, it 

does highlight the potential use of antibodies directed against HMW-MAA for diagnosing 

desmoplastic melanomas. By studying a larger series of desmoplastic melanomas it should 

be possible to determine whether HMW-MAA expression shows any clinical correlation 

and how uniform its expression is within a tissue. SlOO remains the immunohistochemical 

stain of choice, but the preliminary results presented here are promising.

6.5.5 Melanoma Antigens

Melanoma-associated antigens have been extensively investigated [Carrel 1980; Dippold 

1980; Imai 1982; Hellstrom 1983; Wilson 1983] with efforts underway to find more 

specific melanoma-associated antigens [Xu 1996]. Monoclonal antibodies to melanoma-
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associated antigens have been produced by a number of laboratories, but many of them also 

react with non-melanocytic tumours, and these cell membrane antigens can be destroyed by 

formalin fixation and paraffin embedding [Garrigues 1982; Imai 1982; Thompson 1982; 

Atkinson 1984; van Duinen 1984; Folberg 1985]. This is the case with the majority of anti

melanoma antibodies that have been generated to cell surface antigens. Furthermore, in 

view of the finding that antigens can undergo clonal variation v^thin the same tumour 

[Hellstrom 1984], a combination of antibodies may be needed for diagnostic and 

therapeutic procedures. Wakabayashi et al demonstrated dramatically increased anti

tumour effects when using a mixture of antibodies rather than a single antibody 

[Wakabayashi 1984a].

In this context, the results fi-om our study are promising because the antigen can be 

demonstrated in 98% of melanoma cases. It would therefore be of value to search for 

another epitope on the HMW-MAA that could be detectable. Previous work from our unit 

has shown that B4 scFv, a human scFv fragment does not share the same epitope as LHM2 

Mab [Kupsch 1999] but is melanoma-specific. The epitope is yet to be mapped, but the 

future availability of gene cloning data would help us to identify unique suitable peptides.

6.5.6 ScFvs in Immunohistochemistry

ScFvs sharing the same specificity for HMW-MAA could be developed for 

immunohistochemistry, and have the advantage of better tumour targeting with less 

background accumulation, and thus less staining of normal tissues. ScFvs have been 

developed and used to stain frozen sections [Kupsch 1999]. Frozen tissue sections can be 

stained with scFvs using 9E10 hybridoma supernatant (that binds the c-myc epitope at the 

c-terminus of the scFv) as the secondary antibody. However this is not possible with 

paraffin sections as all paraffin-embedded tissues express the c-myc epitope protein in the 

nucleus. During microwaving the c-myc protein is exposed and cross-reacts with 9E10 

hybridoma supernatant making it difficult to distinguish between normal and tumour tissue. 

This problem has prevented the use of scFvs for studying archival material in the present 

work.
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One way of achieving this goal is to biotinylate the scFv by joining a short peptide 

sequence onto the c-terminus of scFv without affecting its function and then use a reagent 

that permits its detection on paraffin sections. Streptavidin is one such reagent that allows 

staining with the accuracy that is required [Schmidt 1993]. Another way involves the re

engineering of scFvs with a c-terminal cysteine residue that allows biotinylation of the scFv 

under mild conditions [Cumber 1992]. This would eliminate the cross reactivity due to 

binding the c-myc region of the scFv. Instead streptavidin could be used to bind the short 

peptide sequence. Alternatively the scFv can be biotinylated in vivo. It has been shown that 

scFv fused to a synthetic peptide encoding an artificial BirA recognition sequence can be 

used for the production of biotinylated scFv in E. coli. The bacteria over-express biotin 

holoenzyme synthase that adds biotin to a specific lysine residue in complex protein 

domains [Schatz 1993]. One could then use the avidin/biotin system to detect the scFv. 

This work is currently on-going in our laboratory.

6.6 CONCLUSIONS

We have demonstrated that the murine Mab LHM2 is a reliable immunohistological 

marker for detecting HMW-MAA expressed in formalin-fixed, paraffin-embedded 

cutaneous primary and metastatic melanomas. The findings in this study add to existing 

reports by other authors and shows that HMW-MAA can be used in the diagnosis of 

melanoma. Anti-HMW-MAA antibodies such as LHM2 can thus be used to confirm 

malignancy, especially in borderline cases, or histologically difficult cases such as 

desmoplastic melanomas. They would also be particularly useful for diagnosing metastatic 

melanomas in cases where the primary tumour was not known. Expression of the epitope 

recognised by LHM2 may be an early event in melanocytic tumour progression. Studies 

directed towards additional molecular and biochemical characterisation of HMW-MAA 

will provide a better understanding of their significance in relation to the immune response 

and natural history of this aggressive tumour. Analysis of surgically removed lesions is 

therefore essential to identify clinically relevant melanoma-associated antigens and to
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assess the impact of tumour-specifie antibodies on the clinical management of melanoma. 

The development of anti-HMW-MAA antibodies for immunohistochemistry will allow 

retrospective studies of archival paraffin-embedded sections, and could provide a wealth of 

information relating to the clinical course and prognosis of melanoma.
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CHAPTER 7

7. SUMMARY AND FUTURE DIRECTIONS
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7.1 SUMMARY

Several melanoma Mabs and anti-HMW-MAA Mabs in particular have been used 

successfully for radioimaging of melanoma patients [Herlyn 1988; Siccardi 1990]. Most of 

the problems encountered with antibody radioimaging (human anti-mouse response, poor 

tumour penetration, accumulation in normal organs) are caused by the relatively large size 

of the Mabs. ScFv &agments are the smallest functional units of antibodies that contain the 

complete antigen-binding site. Their relative small size, the ability to produce them in 

functional form in the periplasm, as well as their potential use in immunoscintigraphy and 

immunotherapy makes them an interesting tool for protein engineering. Whether cloned 

from hybridomas or obtained from phage libraries, scFvs can show poor production yields 

and exhibit low thermodynamic stability, thereby limiting their usefulness for in vivo 

applications even if they have excellent affinities and tumour specificity.

Limited stability remains one of the drawbacks, preventing the everyday use of scFvs in 

medical and biotechnological applications. Whilst the qualities required for in vitro 

stability are beginning to be elucidated, that of in vivo stability remains more complicated. 

In the human patient stability is not only influenced by thermal aggregation, but also by 

blood clearance, proteolysis, and other effects. The optimal functional parameters of these 

molecules, such as required stability, optimal molecular weight, and required affinity are 

poorly understood, and have to be optimised depending on the diverse clinical 

requirements. It will thus be very important to understand the molecular basis of these 

factors in the future to enable the routine use of scFvs in melanoma patients.

The following paragraphs summarise the findings in this thesis and puts forward 

suggestions for addressing questions raised.
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7.2 ANTIBODY PREPARATION

We have produced a large collection of scFvs directed towards HMW-MAA originally 

derived from a mouse Mab [Kupsch 1995]. HMW-MAA is highly expressed in most 

melanomas [Natali 1983] and is an ideal target for melanoma imaging and therapy. We 

used chain shuffling of mouse Vh against a human and phage display to isolate 

mouse/human (chimeric) anti-HMW-MAA scFvs with improved expression and affinity. 

We inadvertently selected the chain-shuffled scFvs under conditions that favour survival of 

the fittest clones. Clones were analysed after three and four rounds of phage selection on 

melanoma cells. All clones performed better than the parent mouse scFv with regards to 

expression yield, affinity, thermal stability and serum protease resistance. Enhancement of 

the apparently limited solubility of the RAFT series of scFvs was achieved by optimising 

purification and storage conditions.

Four of the chain-shuffled clones were tested in vivo in comparison to the original mouse 

scFv RAFT2. The clones were chosen to cover a range of scFvs with increasing apparent 

evolutionary success. They were ranked: 3A5(RAFT2) < 3C4 < 3A11 < 4A4; from unfit to 

fit. The same ranking was seen with the in vivo performance of the clones (in terms of 

tumour retention and resulting improved tumour to normal tissue contrast).

7.2.1 Future Directions

The series is being extended to include clones selected after a 5^ round of phage selection 

on melanoma cells. These clones should have evolved fiirther and may show improved in 

vitro and in vivo properties compared to clones selected after 4 rounds of phage selection. 

Should this be the case, evolutionary approaches could be used in our laboratory for 

stability engineering and may provide superior clones for melanoma targeting. The 

challenge remains to find selection conditions that favour a combination of desirable 

properties such as yield and stability at the expense of others.
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Clinical Trial

Clones 3A ll and 4A4 were the two predominant clones and showed the highest tumour 

targeting of all the clones in our series. The values obtained are amongst the highest in the 

published literature and make these scFv ideal candidates for use in patients. These clones 

are being produced at large scale (patient grade) by the ICRF Hybridoma Unit for a 

diagnostic phase I radioimaging trial of melanoma patients.

7.3 MULTIMERISATION STRATEGIES

Increased valency and molecular weight have been identified as key features in optimising 

the design of antibody fragments for tumour targeting. Various strategies were investigated 

to modify the size and valency of antibody fragments, thereby enhancing tumour targeting. 

The most successful clone studied was one selected after 4 rounds of phage selection on 

melanoma cells which formed stable, spontaneous multimers. The genetically engineered 

multimeric scFvs failed to perform better than their monomeric equivalents. The reasons 

for this remain unclear, but it seems reasonable to suggest that simple strategies such as the 

evolutionary approach for multimerisation (rather than complex genetic modifications to 

scFvs) may produce stable clones suitable for use in patients. It remains to be seen whether 

or not Darwinian selection of an antibody phage library can be used as a criterion to predict 

efficient in vivo tumour targeting.

7.3.1 Future Directions

The finding that 4A4 formed spontaneous multimers was incidental. All the other clones 

isolated after rounds of phage selection were monomers. Clones isolated from round 5 

should thus be examined for the presence of multimers. Multimerisation could be a 

property selected by phage display and would thus represent a simple strategy for 

generating stable multivalent molecules.
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7.4 THERAPEUTIC CONSTRUCTS

The greatest potential for use of scFvs is in delivery of antibody-targeted therapy. Although 

scFvs lack effector functions, their molecular properties in combination v^th drugs, toxins 

or radioisotopes can lead to the production of therapeutic constructs with satisfactory in 

vivo properties for therapy [Spitler 1987]. It has also been shown that scFvs can trigger the 

formation of anti-idiotypic humoral responses in pre-clinical trials, raising the possibility 

that scFvs could also be used for active immunotherapy [Hawkins 1994]. We developed 

the bispecific anti-melanoma scFv R3ZZ and were able to demonstrate melanoma binding 

as well as IgG recruitment. Our immunohistochemical techniques require further 

modifications to enable us detect and quantify tumour penetration of R3ZZ. Therapeutic 

scFvs are very much in their infancy and there is much scope for their development.

7.4.1 Future Directions 

Future Studies with R3ZZ

Repeated doses of R3ZZ should be administered to mice for a number of reasons. Multiple 

injections would enable observation for side-effects and determine optimal frequency and 

dose of injections, route of administration, the effect of using adjuvants, and finally 

observation for tumour regression. Riedle et al used a bispecific antibody fragment targeted 

to melanoma cells and demonstrated inhibition of local tumour growth in over 30% of 

SCID mice and efficient suppression of métastasés formation, with little toxicity [Riedle

1998]. The effects improved with repeated injections, prolonging survival in the mice. 

Repeated injections of Mabs in patients suffering from colorectal [Sears 1982], pancreatic 

[Sears 1982], and ovarian tumours [Wagner 1992] have been shown to improve the overall 

clinical status often associated with tumour regression and prolonged survival. Similar 

results have also been found with repeated application of a F(ab’ ) 2  fragment directed 

towards HMW-MAA in melanoma patients [Bender 1997]. This effect has been attributed 

to an immune response, mainly the induction of specific anti-idiotypic antibodies. In the 

melanoma-bearing patient, therapeutic scFv constructs like R3ZZ could be used to reduce
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residual tumour burden post-surgery and alter dramatically the clinical course of the disease 

(i.e. tumour remission, prolonged survival).

Modification of More ScFvs For Therapy

RAFTS scFv was selected for the formation of the therapeutic construct R3ZZ, at a time 

when it was the most stable scFv in our collection. Following stability studies, and 

evolutionary selection strategies (Chapter 3 and Chapter 4), there are now other candidates 

with other more suitable qualities. 4A4 scFv selected by phage display after four rounds of 

selection, has been identified as a stable multivalent scFv produced in high yield. This 

would make it an ideal candidate for a therapeutic construct. Its prolonged blood clearance 

is in keeping with features required for therapy. Its multivalent nature would mean greater 

avidity for melanoma binding, and would also be able to retarget more serum IgG, to 

melanoma, thus improving melanoma destruction. Work carried out by Holliger et al has 

already demonstrated the potential superiority of a bispecific diabody over a similar 

monomeric construct [Holliger 1997]. 4A4 scFv is composed of trimers (as well as dimers 

and monomers) and should potentially perform much better than RAFTS scFv, as a protein 

A-modified construct.

Alternative Protein A Domains

There are five domains of Protein A. Domain B is available in a more stable format called 

the Z domain, and this has been used to produce our therapeutic construct, RSZZ scFv. 

ScFvs can be manipulated to have one or more of the same or different domains. Increasing 

the number of protein A domains will result in an increase in size of the resulting construct. 

This will result in slower blood clearance, but may also result in the decreased tumour 

penetration, associated with the large size of Mabs. The presence of the more/other 

domains may also result in currently unseen side-effects. To date, no toxicity has been seen 

in the mice used for in vivo studies. This is currently being confirmed by vaccination 

strategies, and to date no toxicity in the mice has been seen after five doses [V. Joshi, 

unpublished]. The optimal number of protein A domains needs to be determined, to 

achieve maximum therapeutic effects with minimal risk of toxicity.
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7.5 IMMUNOHISTOCHEMISTRY

Primary or metastatic cutaneous melanoma can mimic the morphology of epithelial, soft 

tissue, or lymphoid neoplasms. A confirmatory immunohistochemical panel is frequently 

required for diagnosis. Thus antibodies targeting melanoma associated antigens, with their 

high sensitivity and specificity for benign and neoplastic cells of melanocytic origin, have 

proved to be invaluable to most clinical laboratories. We sought to determine whether 

immunohistochemistry aimed at the HMW-MAA could be used in cutaneous melanoma for 

diagnosis as well as prognostic purposes. Our results showed that antigen expression for 

primary melanomas tended to be strong, whilst that of metastatic melanomas was both 

strong and weak. No statistical prognostic significance was found with this trend. It may 

still represent weak evidence of HMW-MAA as a progression or regression marker and 

thus warrants further studies. Immunohistochemistry has revealed a powerful tool but its 

full potential is yet to be tapped.

7.5.1 Future Directions

Staining of Paraffin-embedded Sections with Mabs Directed against HMW-MAA

In order to correlate the presence of HMW-MAA with clinical prognosis, more melanoma 

specimens will require staining with LHM2 or similar antibodies which target HMW- 

MAA. In particular, one could use these antibodies to distinguish melanomas with different 

prognoses, for example, nodular from superficially spreading melanoma. This approach has 

been useful in leukaemia [Greaves 1981; Ritz 1981]. Possible trends in staining intensity or 

antigen expression may become significant if larger numbers of melanoma specimens are 

used.

Tissue Arrays

Tissue microarrays provide a new method for high-throughput molecular profiling of tissue 

specimens [Kononen 1998; Moch 2001]. Hundreds or even thousands of clinical specimens 

are required to determine the significance of a new diagnostic test or therapeutic target.
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This is often tedious with conventional molecular pathology technologies, and availability 

of such tissue resources is often rate-limiting. Tissue microarrays are constructed by 

acquiring cylindrical biopsies from 500-1000 individual tumour tissues into a tissue 

microarray block, which is then sliced to over 200 sections for probing DNA, RNA or 

protein targets. A single immuno-staining or in situ hybridisation reaction would provide 

information on all of the specimens on the slide, while subsequent sections can be analysed 

with other probes or antibodies.

Kononen et al first described the potential of the array technology by assembling a breast 

cancer tissue array with 645 samples, enabling the analysis of 2 newly discovered regions 

of DNA amplifications in breast cancer [Kononen 1998]. A consecutive paper by Schraml 

et al demonstrated that the results from the literature could be re-produced on minute tissue 

samples of tissue arrays [Schraml 1999]. In a recent paper by Mucci et al tissue arrays were 

used to demonstrate unexpected patterns of protein expression in prostate cancer [Mucci 

2000]. In our laboratory thousands of benign and melanocytic specimens could be screened 

rapidly for HMW-MAA expression. This would enable efficient use of archival 

pathological specimens, and facilitate standardised immunohistochemical detection of 

antigenic targets. Tissue micro-arrays would encourage national and international 

collaborations, facilitating studies of rare or difficult tumours (such as desmoplastic 

melanomas).

7.6 ALTERNATIVE STRATEGIES

7.6.1 Improving Tumour Targeting Using Antibody Cocktails

The heterogeneous distribution of individual determinants of the HMW-MAA in primary 

and metastatic lesions has been characterised [Natali 1985]. This antigenic heterogeneity 

among multiple melanoma lesions whether removed from one or from various patients 

indicates that immunodiagnostic and immunotherapeutic approaches to melanoma may not
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be able to rely solely on the use of scFvs to a single melanoma-associated antigen. Using 

mixtures of scFvs directed towards distinct determinants of HMW-MAA, or indeed other 

melanoma antigens can increase the sensitivity of radioimaging. Studies have been carried 

out looking at p97, a 97 kDa cell-surface melanoma antigen [Hellstrom 1981]. A 

combination of antibodies to two epitopes of p97 gave efficient complement-dependent 

cytotoxicity of melanoma cells in vitro, under conditions where neither of the two 

antibodies alone was significantly cytotoxic. Mab cocktails have been used successfully in 

lymphoscintigraphy [Wahl 1990] and have been suggested for directing immunotherapy 

and immunotargeting [Funaro 1996]. Wakabayashi et al have demonstrated dramatically 

increased anti-tumour effects by using a mixture of anti-melanoma Mabs with different 

antigenic epitopes [Wakabayashi 1984].

In terms of therapy, cocktails of scFvs to several different melanoma-associated antigens 

would allow superior tumour targeting, as virtually all melanomas would be recognized. A 

cocktail of scFvs to various MAAs is also likely to eliminate false-negative results caused 

by antigenic heterogeneity of tumour cells. It is also recognized that antigens can be lost 

fi*om cell populations originally expressing them [Yeh 1981]. In their paper, Yeh et al 

found that cells that had lost one MAA still expressed other MAAs. It seems likely 

therefore, that the use of anti-tumour antibodies would be more successful if a combination 

of antibodies to different antigens were used, instead of a single antibody.

A large library of scFvs has been developed in our laboratory. These scFvs have been 

found to target at least two different epitopes of HMW-MAA. B4 and 4A4 scFvs are two 

examples which do not bind the same epitopes, and in vivo targeting results for the 

individual clones have been presented in this thesis. Administering a combination of these 

two scFvs would determine whether our scFvs cocktails produced superior results when 

compared to either of the two antibodies alone.
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7.6.2 Therapeutic ScFvs: Alternatives To Staphylococcal Protein-A

Ongoing work in our laboratory has examined the in vitro cytotoxicity of the protein A 

fusion scFv. This demonstrated 65% cytotoxicity (CDC-mediated) at 48 hours and 45% 

cytotoxicity (ADCC-mediated) at 4 hours in vitro, with little evidence of in vivo toxicity 

[V. Joshi, unpublished]. These values are comparable to other similar studies [Herlyn 

1979; Sung 1995]. Bispecific antibodies and diabodies can target a host of cytotoxic agents 

to tumour cells for direct killing. This approach involves coupling antibodies to therapeutic 

radioisotopes [Larson 1983; Pavlinkova 1999; Goel 2001], and currently available 

chemotherapeutic agents [Garnett 1985], with relatively low patient toxicity. Innovative 

improvements to the immunotoxin concept include ADEPT (antibody-directed enzyme 

prodrug therapy), the concept of antibody-enzyme fusions that specifically activate a pro

drug into a cytotoxic agent at the cell target site. Calicheamicin, a highly potent anti

tumour antibiotic that cleaves double-stranded DNA has also been fused to antibodies, and 

has been shown to induce remission in 30% of patients with AML in first relapse [Sievers

1999]. However it is associated with relatively high incidences of myelosuppression, 

hyperbilirubinaemia, and hepatic toxicity [Sievers 2000].

Other designs include fusions to interleukin-2 for cytokine stimulation and T-cell 

proliferation at the target tumour site [Rosenberg 1985 & 1998; Pluschke 1996; Penichet 

1997; Melani 1998; Atkins 1999]. ScFv fusion to ribosomal inhibiting enzymes (RIEs) is 

another approach. RIEs inhibit protein synthesis by ribosomal inactivation, thereby causing 

cell death, and have been coupled to Mabs for immunotherapy [Eiklid 1980; Spitler 1987]. 

Recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF) is a 

cytokine, which can augment monocyte anti-tumour function, enhance in vitro monocyte 

and granulocyte ADCC and increase expression of high affinity Fc receptors [Metcalf 

1986; Kushner 1989; Connor 1990; James 2001]. It could therefore potentially be fused to 

scFvs for immunotherapy.
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7.6.3 Radioimmunotherapy

Radioimmunotherapy (RIT) involves the systemic tumour targeting, where radiolabelled 

antibodies bind tumour-associated antigens or receptors uniquely expressed on the tumour 

cell. The anti-tumour effect is due to the radiation-absorbed dose to the tumour from the 

radionuclide attached to the targeted antibody. With the appropriate choice of radionuclide, 

the radiolabelled antibody can kill cells from a distance, and may therefore kill cell 

adjacent to antigen-negative tumour cells. Considerable advances have been made in RIT, 

especially in B cell lymphomas [Kaminski 1993], but substantial problems remain for other 

tumours. These include low tumour uptake of radiolabelled antibody, and normal tissue 

radio-toxicity, limiting the number of doses that can be administered. In general, greater 

tumour targeting of the radiolabelled antibody, with less normal tissue uptake and toxicity, 

would result in better therapeutic efficacy.

A number of strategies could thus be employed to adapt our scFvs for RIT. One approach is 

the use of radiolabelled immunotoxins capable of killing tumour cells by two different 

mechanisms [Manske 1988; Ito 1991]. The addition of a radionuclide to the immunotoxin 

or fusion toxin (such as R3ZZ scFv) offers the potential for killing melanoma cells that 

R3ZZ may not bind. A number of suitable a, p and y-emitting radionuclides are available 

[Britton 1991]. Isotopes emitting p-particles such as ^̂ Î, ^^^Re, *̂ ^Re and ^^Cu have

been used successfully in radiotherapy. ^^Y-labelled Mabs have been used to induce 

remission in patients with Hodgkin’s lymphoma [Press 1987]. Isotopes emitting a-particles 

release energy ten times greater than p or y-emitters, and are efficient at killing individual 

target cells, without affecting normal tissues. Suitable a-emitting nuclides include ^^^At, 

and ^^^Bi.

7.6.4 Pretargeting Strategies

Another approach would involve pretargeting strategies in which an unlabelled bispecific 

scFv (with one binding site targeting melanoma and the other binding site reacting \vith a 

small hapten) is administered first [Goodwin 1996]. At a later point when the circulating
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unbound antibody is low, and tumour targeting is optimal, a radiolabelled hapten is 

administered which localises to the antibody concentrated in the tumour, thereby reducing 

the radiation dose to normal tissues. This pretargeting approach can be modified further by 

conjugating streptavidin or biotin to the pre-administered scFv, followed by the injection of 

radiolabelled biotin or streptavidin [Paganelli 1995]. More recently a three-stepped regime 

has evolved, where biotinylated scFv is given first, followed by avidin and streptavidin (2”̂  

step), and later by radiolabelled biotin (3"̂  ̂ step). This multistep approach has resulted in 

impressive results in pre-clinical studies in the animal model, when compared to 

conventional one-step RIT, and has been tested in clinical trails [Gautherot 1998; Paganelli 

1998; Paganelli 1999]. RIT would be of great value for melanoma patients with a high risk 

of developing distant métastasés.

7.6.5 PEGylation of ScFvs

It has been shown that chemical modification of scFvs with PEG (PEGylation) can result in 

molecules with properties similar to Mabs that allow delivery of much higher doses to 

tumours [Lee 1999]. mPEG (Shearwater Polymers) has a molecular weight of 20-40 kDa 

and can be cross-linked to scFvs [King 1994]. This strategy should prolong the serum 

residence time and thus increase the initial tumour dose, with only a moderate increase in 

the antibody fragment size. By so doing one would expect the %ID/g in the tumour to be 

increased. PEGylation in combination with tumour pretargeting with the biotin/streptavidin 

system could thus modify the therapeutic potential of scFvs.
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CONCLUSIONS

The work of this thesis has enhanced our ability to target malignant melanoma using scFvs 

with superior stability, yield, and in vivo tumour targeting in the animal model. The most 

developed scFv will be used in our proposed clinical imaging trial, and points towards a 

way in which this diagnostic technique may become routinely applicable for melanoma 

detection. As our knowledge of tumour antigens, the immune system and the mechanisms 

of melanoma metastasis grow, new targets for therapy will arise. This project will continue 

to focus on further attempts to improve our ability to target melanoma for the purpose of 

imaging and therapy. As our antibodies evolve, they will provide exciting opportunities for 

new approaches to melanoma treatment.
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ABBREVIATIONS

ADCC Antibody Directed Cell Mediated Cytotoxicity

ADEPT Antibody Directed Enzyme Prodrug Therapy

AJCC American Joint Committee on Cancer

ATCC American Tissue Culture Collection

CDR Complementarity-Determining Region

Cps counts per second

Cpm counts per minute

ECACC European Catalogue of Human and Animal Cell Culture

ELISA Enzyme Linked Immunosorbent Assay

ELND Elective Lymph Node Dissection

F(ab')2 100 kDa antibody fragment

F(ab) 50 kDa antibody fragment

Fc Constant region fragment

Fv Variable region fragment

(His)6 6 Histidine amino acid residues on the C-terminus of scFv for IMAC

HMW-MAA High Molecular Weight Melanoma-Associated Antigen (proteoglycan)

HPLC High Pressure Liquid Chromatography

ICRF Imperial Cancer Research Fund

Ig Immunoglobulin

IgGl Immunoglobulin (isotype G Class 1)

IMAC Immobilised Metal-Ion Affinity Chromatography purification method

ITLC-SG Instant Thin Layer Chromatography (Silicon Gel)

ISG Immunoscintigraphy

Ka Association constant for equilibrium binding of antibodies

Kd Dissociation constant for equilibrium binding of antibodies

Kda Kilodalton

KeV Kilo-electron Volt

MAAs Melanoma Associated Antigens

Mab Monoclonal Antibody

PCR Polymerase Chain Reaction
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PEG Poly-Ethylene Glycol 6000

PET Positron Emission Tomography

rPL Recombinant Protein-L column

rpm Revolutions per minute

RAFT Restoration of Appearance and Function Trust

RIS Radioimmunoscintigraphy

RIT Radioimmunotherapy

RT Room Temperature

ScFv Single-chain Fv Antibody Fragment

SDS-PAGE Sodium Dodecyl-Sulphate Polyacrylamide Gel Electrophoresis

SLNB Sentinel Lymph Node Biopsy

SPECT Single Photon Emission Computerised Tomography

tl/2a Distribution half-life

tl/2p Elimination half-life

V h Heavy chain variable region

V l Light chain variable region
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