
DEVELOPING SENSITIVE AND SPECIFIC ASSAYS FOR 
HUMAN DES 64,65 AND DES 31,32 PROINSULIN USING 

ANTIBODIES RAISED IN GUINEA-PIGS

Vidya Mohamed-Ali MSc

UNIVERSITY COLLEGE, LONDON 
FACULTY: CLINICAL SCIENCES 

FIELD: IMMUNOLOGY

A thesis submitted to the University of London 
for the degree of Doctor of Philosophy

November 1996



ProQuest Number: 10046170

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10046170

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



DECLARATION

No part of this thesis has been submitted in support of an application for any 

degree or qualification of the University of London or any other University 

or Institute of learning. All the work presented is my own and any 

collaboration has been acknowledged.



ACKNOWLEDGEMENTS

I am indebted to innumerable people who have helped me enormously 

throughout this project. First, Professor John S Yudkin, without whose help, 

guidance, advice, badgering and often down-right harassment, I wouldn’t have 

started, and definitely not finished this work. Professors Colin Self and Nick 

Hales, I cannot thank enough for all their time and advice in planning and 

carrying out this work, and of course their patience with my several calls for 

help. I would also like to thank my colleagues and friends, Ms Mairi Gould, 

Drs Rosaire Gray, Dinesh Nagi, Arshia Panahloo and Jon Pinkney, for 

samples from their various studies and their support. To Ms Sara Stanner, 

who has helped me put this thesis together. She has nagged me, sworn at me 

and gradually started to sound so much like JY that I felt I had to finish this 

before she began to look like him!

To my daughter, Nadia, for putting up with my absences when I should have 

been present, and for my impatience when I was present. To my mother, 

Ammu, I owe too much to thank here adequately.



LIST OF CONTENTS 

Title page 1

Declaration 2

Acknowledgements 3

List of contents 4

List of Tables 10

List of Figures 14

Abbreviations 16

Summary of research 20

CHAPTER 1: INTRODUCTION AND REVIEW OF LITERATURE 23

1.1 Pathway of insulin synthesis 24
1.2 The human insulin gene 25

1.2.1 Insulin gene mutations and hyperproinsulinaemia 25
1.2.2 Insulin gene expression 27

1.3 Insulin biosynthesis 27
1.3.1 Regulation of proinsulin synthesis 27
1.3.2 Insulin structure 28
1.3.3 Conversion of proinsulin to insulin and C-peptide 29

1.4 Regulated and constitutive pathways 31
1.4.1 Regulated pathway 33
1.4.2 Constitutive pathway 33

1.5 Insulin secretion 34

1.6 Biological activity of proinsulin 35

1.7 Clinical significance of proinsulin 38
1.7.1 Hyperproinsulinaemia in IGT and NIDDM 38
1.7.2 Hyperproinsulinaemia in gestational diabetes 41
1.7.3 Hyperproinsulinaemia in insulinoma 41
1.7.4 Proinsulin-like molecules and cardiovascular risk factors 42

1.8 Desirability of for assays for proinsulin-like molecules 42

1.8.1 Immunogenicity of proinsulin-like molecules 43
1.8.2 Polyclonal antibodies 45



1.8.3

1.8.4
1.8.5

Monoclonal antibodies
1.8.3.1 Antigen immunogenicity
1.8.3.2 Route of immunisation
1.8.3.3 Antigen availability 
Heterohybridomas
Phage antibody technology

1.9 Aim(s) of project

1.9.1
1.9.2
1.9.3

CHAPTER 2:

Raising antibodies 
Assay development 
Clinical application

POLYCLONAL ANTIBODIES TO 
PROINSULIN-LIKE MOLECULES

46
46
47
48
49
49

50

50
51 
51

53

2.1 Introduction 54

2.2

2.3

Study aim(s) 

Methods

55

55

2.4

2.5

2.3.1 Immunisation of animals 55
2.3.2 Purification of guinea-pig antiserum 56

2.3.2.1 Affinity chromatography - Protein-A- sepharose 56
2.3.2.2 Ion-exchange chromatography - DEAE Sephadex 57

2.3.3 lodination of proinsulin 58
2.3.3.1 lodination of proinsulin with chloramine-T 59
2.3.3.2 lodination of proinsulin with lodogen 59

2.3.4 Titration of antisera 60
2.3.4.1 Liquid-phase proinsulin 60
2.3.4.2 Time course experiments 61
2.3.4.3 Proinsulin in solid-phase 61

2.3.5 Assessment of binding 62
2.3.5.1 Tube assay 62
2.3.5.2 Specificity ELISA 63

2.3.6 Labelling of polyclonal antibodies 63
2.3.6.1 lodination of antibodies 63
2.3.6.2 Conjugation of antibody to alkaline phosphatase 63

Results

Conclusions

65

67



CHAPTER 3: GUINEA-PIG-MOUSE HETEROHYBRIDOMAS 78
AND MOUSE-MOUSE HYBRIDOMAS TO 
PROINSULIN

3.1 Introduction 79

3.1.1 Hybridoma technology 79
3.1.1.1 The plasmocytoma line for fusion 80

3.1.2 Heterohybridomas 80
3.1.3 Administration of antigen 82

3.2 Aim(s) of the study 84

3.3 Methods 85

3.3.1 Guinea pig as the host 85
3.3.1.1 Footpad immunisation 85
3.3.1.2 Conventional immunisation 86
3.3.1.3 Invitro immunisation of guinea-pig spleen cells 87

3.3.1.3.1 Preparation of in-vitro culture medium 87
3.3.1.3.2 In-vitro sensitisation 88
3.3.1.3.3 In-vitro spleen fusion 88
3.3.1.3.4 Intrasplenic immunisation 90

3.3.2 Mouse as host 91
3.3.2.1 Footpad immunisations 91
3.3.2.2 In vitro immunisation 91

3.3.3 Screening of hybridomas 93

3.3.4 Cloning of cells 94

3.3.5 Production of ascites 95

3.4 Results 95

3.4.1 Guinea-pig x mouse heterohybridomas 95
3.4.1.1 Guinea-pig in vitro fusion 96
3.4.1.2 Guinea-pig intrasplenic fusion 96
3.4.1.3 Guinea-pig footpad fusion 97

3.4.2 Mouse x mouse hybridomas 97
3.4.2.1 Inguinal fusion after intact proinsulin 98

immunisation
3.4.2.2 Popliteal fusion after intact proinsulin 98

immunisation
3.4.2.3 In vitro immunisation with intact proinsulin 99



3.4.3 Popliteal fusion after des 31, 32 proinsulin immunisation 99

3.4.4 Popliteal fusion after des 64, 65 proinsulin immunisation 99

3.5 Discussion 100

3.5.1 Heterohybridomas 100

3.5.2 Routes of immunisation in mice for production of hybridomas 101

3.6 Conclusion 102

CHAPTER 4; DEVELOPMENT OF ASSAYS FOR 111
PROINSULIN-LIKE MOLECULES

4.1 Introduction 112

4.1.1 Limited antibody immunoassays 112

4.1.2 Immunometric assays 112

4.1.3 Methods of detection of label 113

4.1.4 Choice of label 113

4.1.5 Choice of solid phase 116

4.1.6 Choice of antibody 116

4.1.7 Assessment of assay performance 116

4.2 Aim(s) of the study 117

4.3 Methods 117

4.3.1 Preparation of cellulose immunoadsorbents 118

4.3.2 Protein estimation 119

4.3.3 Cellulose IRMA for intact and des 31, 32 proinsulin 120

4.3.4 lEMA for intact and des 31, 32 proinsulin 122

4.3.5 Microplate IRMAs for intact and des 31, 32 proinsulin 124

4.3.6 Displacement assays using in-house antibodies 124

4.3.7 Microplate lEMA and IRMA for des 64, 65 proinsulin 125



4.3.8 Assay validation 126

4.4 Results 127

4.4.1 Cellulose bound 3B1 antibody 127

4.4.2 Cellulose IRMAs for intact and des 31,32 proinsulin 128

4.4.3 lEMA for intact and des 31, 32 proinsulin 129

4.4.4 Microplate IRMA for intact and des 31, 32 proinsulin 129
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SUMMARY OF RESEARCH

The recent development of techniques to differentiate proinsulin and its 

intermediate conversion products, des 31, 32 and des 64, 65 proinsulin, from 

insulin have permitted a clearer understanding of the role of these molecules. 

Elevated concentrations of the des 31, 32 proinsulin may provide a marker for 

j8-cell dysfunction and these molecules may also have a role in some of the 

abnormalities of cardiovascular risk in both diabetic and non-diabetic subjects. 

However, the sensitivity of currently available assays for des 64, 65 proinsulin 

is inadequate, and that for des 31, 32 proinsulin just adequate, to measure 

their levels in normal and diabetic subjects. Furthermore, even employing 

current two-site assays, substantial cross-reaction is observed with intact 

proinsulin. Lack of high affinity, specific antibodies to the two molecules 

have hindered the improvement of these assays. Polyclonal antibodies to des 

31, 32 and des 64, 65 proinsulins were raised in guinea-pigs which showed 

high affinity and specificity. Attempts to produce guinea-pig x mouse 

heterohybridomas were made but proved unsuccessful as the guinea-pig spleen 

cells appeared to fuse to the mouse plasmacytoma cells but remained stagnant 

after fusion. Monoclonal antibodies with a wide range of specificities were 

produced by altering the route of immunisation and using forms of the 

propeptides not previously tried in mice, the des 31, 32 and des 64, 65 forms, 

prior to removal of lymphocytes for fusion. A combination of the polyclonal 

and monoclonal antibodies were then selected and used to develop a specific, 

2-site assay for human des 64, 65 proinsulin, while the sensitivities of 

existing assays for intact and des 31, 32 proinsulin were improved. All the 

assays were set up as microplate immunoradiometric assays (IRMAs), where 

the ’capture’ antibody was adsorbed onto microtitre plates and the detecting 

antibody was labelled with

The sensitivity of the assays for intact and des 31, 32 proinsulin, as 

ascertained by measuring the zero standard 20 times (mean cpm -I- 2 SD), was 

0.12 pmol.l * for intact proinsulin and 0.49 pmol.l'^ for des 31, 32 proinsulin. 

There was no cross-reactivity with human insulin (up to 2500pmol.l^), IGF-1 

(up to 2500pmol.l'^) and C-peptide (up to lOOnmol.l )̂. There was no cross

reactivity with des 31, 32 proinsulin in the intact proinsulin assay, but 60%

20



cross-reactivity of intact proinsulin in the des 31, 32 proinsulin assay.

The concentration of des 31, 32 proinsulin was calculated as follows: 

Corrected counts for des 31, 32 proinsulin=

(assayed counts for des 31, 32 proinsulin) - (0.60 x assayed counts for intact 

proinsulin)

The corrected counts were then used in the standard curve for des 31, 32 

proinsulin and the concentration of des 31, 32 proinsulin determined.

Mean recovery of intact or des 31, 32 proinsulin added to human plasma (0.98 

- 62.5 pmol.l^) was 95.8% range (90.0 - 107.1%) and 94.8% range (90.0 -

100.7 %) respectively.

The assay for des 64, 65 proinsulin used guinea-pig antibody coated plates 

(GPIO) and showed only 25-30%  cross-reaction with intact proinsulin which 

was reduced to less than 5 % (at 250pmol.l'^) after adsorption of the polyclonal 

antibody with intact proinsulin, prior to use as the capture antibody. The 

assay showed no cross-reaction with des 31, 32 proinsulin (up to 250pmol.l'^) 

or insulin (up to 25(X)pmol.l'^). The sensitivity of the assay was 0.12 to 

0.06pmol.l \  A minimum validation was carried out due to the limited 

amount of adsorbed antibody available. Recovery of des 64, 65 proinsulin 

added to human plasma or 5% BSA/ Tris buffer (n= 5) at 2.5 pmol.l'^ was 

98.4% range 92 - 105%, at 7.6 pmol.l^ was 89.0 range 84 - 95% and at 

16.0pmol.l  ̂was 102.8% range 98 to 104 %. The inter and intra-assay CVs 

at 3.0pmol.l^ were 12.3 and 9.3%, at 8.5 pmol.H were 7.4 and 8.2 % and 

at 15.6 pmol.l^ were 6.9 and 11.0% respectively.

In order to allow some speculation of a possible role for the proinsulins in the 

various physiological conditions their levels were determined in the following 

subject groups, under the following conditions and seeking the following 

relationships: i) non-diabetic subjects, ii) in subjects with non-insulin- 

dependent diabetes mellitus, iii) the effect of hypoglycaemic therapy, iv) in 

diabetic and non-diabetic cirrhotic subjects, v) their interaction with PAI-1, 

vi) their relationship to IGFs and IGFBPs and lastly vii) in subjects with 

insulinomas. These studies confirmed raised levels of of the propeptides in 

subjects with NIDDM, and their concentrations showed statistically significant 

correlations with a range of established cardiovascular risk factors such as 

insulin resistance, lipids and fibrinogen. Significant statistical interactions 

were also seen with novel cardiovascular risk factors such as PAI-1 and
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IGFBP-1. Of course, statistical correlation is not proof of causation, so 

proinsulins cannot necessarily be implicated directly in determining abnormal 

levels of risk factors. The cross-reactivity of these assays with non-specific 

assays for insulin were previously thought to account for the 

hyperinsulinaemia seen in various conditions. However, these studies, using 

specific assays for insulin, intact proinsulin and des 31, 32 proinsulin, still 

demonstrate the presence of hyperinsulinaemia. In the last study all the 

insulin-like molecules, including des 64, 65 proinsulin, were measured in 

subjects with histologically proven insulinomas, where the levels of these 

proinsulin-like molecules are likely to be most abnormal, and found to not 

account for greater than 10% of all insulin-like molecules. This suggests that 

des 64, 65 proinsulin species may be of very little physiological relevance.
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CHAPTER 1

Introduction
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1.1 Pathway of Insulin Synthesis

Insulin is secreted from the /3-cells of the islets of Langerhans, located in the 

exocrine pancreas. The islet comprises of a central core of insulin-producing 

j8-cells surrounded by glucagon-secreting a-cells. It is highly vascularised and 

receives rich autonomic innervation. The islet cell is bordered on two sides 

by a capillary with fenestrated endothelium and the fenestra covered by a thin 

diaphragm formed from the fused plasma membranes of the endothelial cells. 

Nutrient secretagogues and insulin cross these basement membranes to enter 

or leave the jS-cell. Neural influences also play a physiological role in 

regulating insulin secretion. Sympathetic innervation mediates the islet 

response to stress by suppression of release, favouring hyperglycaemia and 

ensuring an adequate supply of glucose to the brain. Stimulation of the 

parasympathetic system induces insulin secretion. Several neuropeptides have 

been identified in the intrapancreatic nerves, such as calcitonin gene-related 

peptide (CGRP), cholecystokinin (CCK), galanin and gastrin-releasing 

polypeptide (GRP), that modulate the secretion of islet hormones.

Insulin is a member of a superfamily of structurally related peptides which 

includes the ovarian hormone relaxin, and the insulin-like growth factors 1 and 

11 (IGF-1 and IGF-11) (Steiner et al, 1985; Bell et al, 1990). Primary structure 

data for insulins are available from about 50 different species, while the gene 

structure and organisation is known for about 10 different insulins.

Sanger and Thompson described the complete covalent structure of insulin, 

composed of two separate peptide chains and three disulphide bonds (Sanger 

and Thompson, 1953). In 1967 the mechanism for insulin biosynthesis was 

elucidated. Using an in vitro system, containing isolated pancreatic islets of 

human insulinoma tissue and radiolabelled amino acids, Steiner et al showed 

that the formation of insulin was preceded by the biosynthesis of a single

chain insulin-containing peptide about 1.5 times the size of insulin itself (Oyer 

et al, 1971; Steiner et al, 1968). Isolation of this precursor and determination 

of its primary structure revealed an extended peptide sequence connecting the
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amino terminus of the insulin A-chain with the carboxyl terminus of the B- 

chain. The connecting peptide, C-peptide, is excised during the biosynthetic 

process, with the loss of two pairs of basic residues, leading to the formation 

of insulin and C-peptide, which are co-secreted from the pancreatic |8-cell 

(Chance et al, 1968; Clark et al, 1969; Fig 1.1).

The structures of the insulin gene (Bell et al, 1980) and messenger RNA 

(mRNA) (Duguid et al, 1976, Duguid and Steiner, 1978) indicate that the 

biosynthetic process involves a cascade of increasingly smaller molecules 

before the formation of the active hormone is finally achieved, starting with 

preproinsulin, intact proinsulins via the des and the split forms to insulin and 

C-peptide.

1.2 The Human Insulin Gene

The human insulin gene is located within the short arm of chromosome 11 

(Harper et al 1981), flanked on the 5’ side with the gene for tyrosine 

hydroxylase and on the 3’ side with the gene for IGF-11 (Bell et al, 1985). It 

contains 1789 base pairs, consisting of two large introns, 179 and 786 base 

pairs in length, and 3 exons: i)exon 1 is located in the 5’ untranslated region 

of the gene, ii)exon 2 contains sequences encoding the signal peptide, the 

insulin B-chain and part of the C-peptide, while, iii)exon 3 encodes the 

remainder of the C-peptide, the insulin A-chain, and the 3’ untranslated 

sequences. The introns are not represented in the mature mRNA and their 

functional role is unclear (Bell et al, 1980; Fig 1.1).

1.2.1 Insulin gene mutations and hyperproinsulinaemia

It is attractive to speculate that hyperproinsulinaemia and insulin deficiency 

may have a genetic basis Mutations within the insulin gene might have 

several functional consequences such as altered rate of transcription and 

translation, leading to limited availability of insulin, reduced efficiency of 

proinsulin cleavage and of regulated insulin secretion, or impziired receptor 

binding and activation (Steiner et al, 1989). Discrete mutations with all of the
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above phenotypes have been described but only in a limited number of 

families. For example a point mutation in the receptor binding domain leads 

to modified insulins binding to the insulin receptors with less than 5% 

efficiency, these molecules having reduced biological activity and prolonged 

plasma half-life (Steiner et al, 1990). Another point mutation in the proinsulin 

gene impairs processing of the prohormone. Four families have been 

described with markedly elevated circulating levels of proinsulin-like material 

but with minimal changes in glucose homeostasis (Steiner et al, 1990). In 

three instances, the mutated insulin had a substitution for the Lys-Arg 

cleavage site of the C-peptide/A-chain junction. One family with a HisBlO 

to Asp mutation (Chan 1987), which is distant from the proinsulin cleavage 

sites, has been described. Studies revealed that the HisBlO is essential for the 

correct sorting of the nascent proinsulin to the regulated, Golgi-associated 

pathway, thus permitting normal processing and secretion of the hormone. A 

mutation at this site directs a proportion of the prohormone to the constitutive 

pathway of release, independent of regulation (see section 1.4.2) (Carroll et 

al, 1988; Gross et al, 1989). More recently (Roder et al, 1996) a Caucasian 

family with a heterozygous point mutation in exon 3 of the insulin gene has 

been described. This results in an Arg 65 to His substitution. These subjects 

have abnormally high proinsulin levels in the face of normal glucose 

tolerance. The mutation halts the conversion of proinsulin to insulin because 

of interference with the enzymatic recognition of the AC junction cleavage 

site.

Several studies on the 5’ flanking region polymorphisms of the insulin gene 

and disease association have been inconclusive. Most of the data have failed 

to establish linkage between 5’-flanking region polymorphism and various 

parameters of insulin secretion (Permutt et al, 1985; Samanta et al, 1987; 

Elbein et al, 1988). One exception is the study of Cocozza et al. In 64 

healthy subjects, a quantitative correlation was found between the plasma C- 

peptide response to oral glucose and the presence of a 1.6kb insertion at the 

5’ end of the insulin gene defined by restriction fragment length polymorphism
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(RFLP) studies. Furthermore, insulin secretion during a hyperglycaemic 

clamp was found to be threefold higher in class 1/1 individuals defined by 

RFLP than in class 31/13 subjects (Cocozza et al, 1988). These data suggest 

that the 5’ flanking region of the insulin gene may, directly or indirectly, 

influence insulin secretion .

1.2.2 Insulin gene expression

The insulin gene is present in all cells types but is expressed exclusively in the 

jS-cells of the islets of Langerhans. There are three main mechanisms in the 

regulation of the insulin gene. Firstly, its expression is repressed in cells, 

other than jS-cells. Secondly, mechanisms exist which are involved in 

switching on the gene during embryogenesis and in the timing of this event. 

Thirdly, there are mechanisms involved in the modulation of induction of 

insulin gene expression in response to glucose and other nutritional and 

hormonal stimuli (Clark and Docherty, 1994; Docherty, 1992). For example, 

gastric inhibitory polypeptide (GIP), a polypeptide which has strong glucose- 

dependent-insulin releasing properties, enhances insulin secretion, as well as 

insulin gene expression (Fehmann and Coke, 1995).

1.3 Insulin Biosynthesis

The gene is expressed as the mature proinsulin mRNA within the nucleus. 

This mRNA is then transported to the cytoplasm where a 5’, 7-methyl 

guanosine "cap” and an extended polyadenylated "tail" are added. This 

completely processed mRNA then binds to the ribosomes of the rough 

endoplasmic reticulum and directs preproinsulin biosynthesis.

1.3.1 Regulation of proinsulin synthesis

The different metabolic demands of an animal frequently changing between the 

post-absorptive and post-prandial states necessitates rapid control of insulin 

synthesis. Control of the formation of a polypeptide may be regulated by three 

major processes: i) at the transcriptional level, involving the production of
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specific, preproinsulin mRNA, ii) by increasing the rate, or efficiency, of 

translation, and lastly, iii) by post-translational modification, involving RNA 

processing and transport into the cytoplasm.

Most eukaryotic cells regulate protein synthesis primarily by increasing the 

amount of mRNA, i.e. transcription, while the translational rate of existing 

mRNA is unchanged. Contrary to this, insulin production is acutely regulated 

at the level of translation, with the short term regulation of insulin synthesis 

being due to increased efficiency in translation. For example, when isolated 

islet cells are exposed to high concentrations of glucose, the proinsulin content 

increases within minutes, although there is little or no increase in the 

concentrations of proinsulin mRNA (Itoh et al, 1978; Itoh and Okamoto, 

1980). Short-term regulation may therefore be due to an increase in the rate 

of initiation of translation (Permutt, 1974). In addition to the short-term effect 

(Permutt and Kipnis, 1972; Welsh et al, 1985), altered rates of transcription, 

resulting in increased or decreased production of mRNA, may have a role in 

regulation during longer-term responses to physiological demands (Giddings 

et al, 1981).

1.3.2 Insulin structure

Translation of the mature mRNA begins with the synthesis of a 24 amino acid 

propeptide (Yip et al, 1975) and may facilitate translocation of the nascent 

peptide through the membranes of the rough endoplasmic reticulum as 

synthesis of proinsulin proceeds (Shields and Blobel 1977). Preproinsulin, a 

12000 dalton molecule consisting of propeptide, followed by the insulin B- 

chain (30 residues), an Arg-Arg sequence, the connecting C-peptide of 31 

residues, a Lys-Lys sequence, and the insulin A-chain (21 residues), has been 

detected, but is short-lived (Patzelt et al, 1978), and is no longer evident 1-2 

minutes after detection. A proteolytic enzyme within the membrane of the 

rough endoplasmic reticulum removes the propeptide sequence prior to 

translocation of proinsulin to the Golgi apparatus by an active process 

(Howell, 1972).
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The three-dimensional structure of proinsulin, once the disulphide linkages 

have been established, resembles that of insulin, except for the presence of C- 

peptide. Both molecules aggregate to form dimers and Zn^^ hexamers, and 

share common epitopes (Derewenda et al, 1989). Proinsulin is more soluble 

than insulin, however, owing to the presence of the charged residues in C- 

peptide. The dibasic amino-acid residues at the B-C junction (Arg 31, Arg 

32 ) and C-A junction (Lys 64, Arg 65) are always present and are essential 

for the proteolytic processing of proinsulin into insulin and C-peptide.

1.3.3 Conversion of proinsulin to insulin and C-peptide

After passage through the Golgi complex, proinsulin is packaged in 

membrane-enclosed secretion granules containing the proteases that cleave the 

precursor at the paired dibasic amino acid residues linking the C-peptide to the 

A and B chains. The conversion process takes from 30 to 120 minutes (Fig 

1.2). Two soluble, Ca^'^-dependent, acidic endopeptidases have been identified 

capable of correctly processing human proinsulin in vitro to give insulin 

(Smeekens et al, 1992). Type 1 endopeptidase cleaves exclusively on the C- 

terminal side of the Arg31 Arg32 sequence of proinsulin whereas the type 2 

activity cleaves predominantly on the C-terminal side of the Lys64 Arg65 

sequence. The two enzymes differ in their sensitivity to Câ "*", with the type 

1 maximally activated at lower Ca^  ̂concentrations. The pH optima for both 

type 1 and 2 endopeptidase is 5.5 (Davidson et al, 1988). The endopeptidase 

cleavage at either of the two proinsulin junctions is the rate limiting step by 

comparison with the very rapid and efficient subsequent action of 

carboxypeptide H (Hutton et al, 1989). Therefore, the conversion 

intermediates in beta-cell granules or in the circulation, are predominantly of 

the des form. If the B chain/C-peptide junction is the first site cleaved and 

trimmed by type 1 endopeptidase, des 31,32 split proinsulin is generated as 

the conversion intermediate. Cleavage at the alternative junction, linking C- 

peptide and the A chain, by type 2 endopeptidase, generates des 64,65 split 

proinsulin. The conversion route adopted depends upon the cell type, as well 

as the proinsulin species. Though, theoretically, proinsulin can take one of the
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two routes outlined (Fig 1.2) several lines of evidence suggest that the human 

proinsulin conversion proceeds (Rhodes et al, 1992) via des 31,32 split 

proinsulin and this is the preferred pathway for proinsulin to insulin 

conversion in human jg-cells, with the path via des 64,65 split proinsulin being 

a relatively minor route of proinsulin conversion (Rhodes and Alarcdn, 1994).

Evidence for this preferential route comes from data showing des 31,32 split 

proinsulin is present in higher quantities both in the circulation and in 

pancreatic extracts, whereas, levels of des 64,65 split proinsulin are low or 

undetectable (Temple et al, 1989). Also the hyperproinsulinaemia seen in 

subjects with NIDDM comprises mainly of elevated intact proinsulin and des

31,32 split proinsulin, with des 64,65 split proinsulin levels being difficult to 

measure and probably not contributing to increased levels of proinsulin-like 

molecules (Given et al, 1985; Sobey et al, 1989). Kinetic studies of proinsulin 

conversion in isolated human pancreatic islets have shown that des 31,32 split 

proinsulin is present as a transient conversion intermediate at a seven-fold 

greater concentration than des 64,65 split proinsulin. Further evidence comes 

from the description of a mutation involving an Arg32 to Gly substitution. The 

resulting proinsulin is not processed by type 1 endopeptidase activity, as the 

Arg-Arg dibasic processing site is no longer present, and processed 

inefficiently by type 2 endopeptidase activity at Lys64, Arg65, even though 

this site was present in the Gly32-proinsulin variant (Docherty et al, 1989; 

Taylor and Docherty, 1992). This suggests that some degree of secondary 

structure, as well as dibasic specificity, is necessary for efficient type 2 

endopeptidase cleavage of proinsulin. Also, nuclear magnetic resonance 

(NMR) studies have shown that a degree of ordered structure occurs around 

the Lys64, Arg65 site, termed the CA junction (Weiss et al, 1990). This 

region may represent a structural element necessary for type 2 endopeptidase 

processing of proinsulin (Weiss et al, 1990). Finally, it has been demonstrated 

that type 2 endopeptidase activity has a much greater preference for des 31,32 

proinsulin as a substrate than intact proinsulin. This might explain weak 

activity of the endopeptidase for Arg 31, Gly32 mutant. Also, intact
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proinsulin was inefficiently processed at Lys64, Arg65 by endopeptidase type 

2 compared with type 1 cleavage at Arg31, Arg32 (Rhodes et al, 1992). The 

initial cleavage of intact proinsulin by type 1 endopeptidase at Arg31, Arg32 

may be necessary to release a structural constraint around the Lys64, Arg65 

site, perhaps represented by the CA-junction, thus allowing easier access for 

type 2 endopeptidase to cleave des 31,32 split proinsulin at Lys64, Arg65 

(Rhodes et al, 1992).

1.4 Regulated and constitutive pathways

Proteins destined for secretion are folded, assembled and glycosylated as they 

pass through the endoplasmic reticulum (ER) and the cistemae of the Golgi 

apparatus. In the trans-Golgi network proteins to be secreted are segregated 

from lysosomal enzymes and extrusion of the contents of the secretory 

granules occurs by exocytosis (Orci et al, 1985). Newly synthesized protein 

shows preferential release over intracellularly stored residues. This has been 

noted for several secretory products including insulin (Gold et al, 1982; 

Halban, 1982), placental lactogen (Suwa and Friesen, 1969; Weinstein et al, 

1982), parathyroid hormone (MacGregor et al, 1975), alkaline phosphatase 

(Galski et al, 1982), pancreatic amylase (Slaby and Bryan, 1976) and some 

neurotransmitters such as acetylcholine (Weiler et al, 1981), brain 

catecholamines (Papeschi, 1977) and serotonin (Elks et al, 1979). Within a 

given secretory cell type the total population of secretory granules consist of 

a mixture of newly formed and older stored granules. Preferential release of 

a newly synthesised product indicates that instead of random secretion of these 

two granule pools there is a defined subpopulation of recently formed granules 

destined for preferential release instead of storage.

Two pathways for the release of secretory products have been suggested 

(Kelly, 1985), the regulated and constitutive pathways. For the regulated 

pathway, the product is concentrated into secretory granules which can 

accumulate in the cytoplasm and in which processing of any precursor can 

occur. The granules have a half-life of hours or days and the release of their
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products occurs in response to a stimulus. For the constitutive pathway, 

newly synthesised products are packaged into membrane-limited vesicles, 

which, unlike secretory granules, are destined for rapid release in a 

nonregulated fashion. There is only a short transit time between the Golgi 

complex and the plasma membrane, no cytoplasmic storage pool, and no 

processing of precursors. Some cells display both pathways for the same 

product (Stachura and Frohman, 1975; Moore et al, 1983) and it may be that 

newly synthesised hormone involves commitment of some of this material to 

the constitutive pathway.

In vitro studies using jS-cells in isolated rat pancreatic islets (Halban et al, 

1982; Rhodes and Halban, 1987) have shown that glucose-stimulated release 

of insulin occurs via a regulated process where the product is processed from 

a precursor and is concentrated into secretory granules that accumulate in the 

cytosol until their release is triggered by glucose. Newly synthesised insulin 

or proinsulin are released from the jS-cell after an initial 45-min lag period, 

this being the time required from synthesis on the rough endoplasmic 

reticulum to passage through the Golgi complex, packaging into secretory 

granules, and transit to the plasma membrane for exocytosis (Hutton, 1984). 

In these studies 90% of the newly synthesised product is insulin with 10% 

being newly synthesised proinsulin, but, even the release of this minor 

component, from 60 min onwards, is subject to glucose regulation, and, 

therefore, released via the regulated pathway. A small amount of the 

proinsulin, about 1%, is rapidly released between 30 and 60 min and not 

subject to glucose regulation. This component represents the hormone that is 

released via the constitutive pathway (Kelly, 1985).

Preferential release of newly synthesised hormone is mediated only via the 

regulated pathway and is not a reflection of constitutive release (Sando et al, 

1972; Halban, 1982; Rhodes and Halban, 1987). This preferential release of 

the hormone occurs to the same extent at both basal and stimulatory glucose 

concentrations. It has been suggested that the preferential release may be
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because newly formed jS-granules, immediately after budding off from the 

trans elements of the Golgi complex, become rapidly associated to the 

cytoskeleton. This association, due to the apparent anchorage of the Golgi 

complex to the cytoskeleton, results in rapid exocytosis of such granules. 

Older, stored jS-granules are less available for cytoskeleton attachment due to 

their more remote location in the cytosol. Newly formed granules not 

released from the /8-cells detach from the cytoskeleton and become part of the 

stored pool (Rhodes and Halban, 1987).

Other (Arvan et al, 1991) in vitro studies, using rat islet /8-cells, have 

suggested that the secretory pathway of newly synthesised insulin contains 

aspects of both regulated and constitutive release. This new constitutive-like 

route appears to be related to the granule maturation process. It is thought to 

occur under conditions where the secretory protein fails to condense efficiently 

prior to vesicles budding off from immature granules.

1.4.1 Regulated pathway

In the /8-cell of healthy individuals, the vast majority of newly synthesised 

proinsulin-like molecules are targeted to the granules of the regulated 

secretory pathway. The bulk of proinsulin conversion occurs in granules 

which, with their high Ca^  ̂ levels and progressive acidity as they mature, 

ensure optimal conditions for the conversion enzymes.

1.4.2 Constitutive pathways

In the event that proinsulin is not targeted efficiently in the regulated pathway 

it will be secreted via the constitutive pathway (Kelly, 1985). This is the 

default, bulk-flow secretory route showed by all cell types (Burgess and Kelly, 

1984; Wieland et al, 1987). Proinsulin can also be converted in this pathway, 

but less efficiently than in the regulated pathway. Such diversion from the 

regulated to the constitutive pathway may be limited to cases of insulinoma 

(Lazarus et al, 1970) and familial hyperproinsulinaemia (Gabbay et al, 1979).
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The conversion of proinsulins in constitutive cells is thought to occur very 

late, arising just before release. However, the pattern of intermediates 

generated during conversion is the same for any given species of proinsulin 

via both the regulated and the constitutive pathways, implying similar 

sequences of activity of endopeptidases.

1.5 Insulin secretion

The principal determinant of the rate of insulin release is the circulating level 

of blood glucose, with hormones and neuropeptides modulating this secretory 

response to glucose.

Substances capable of stimulating insulin release on their own include nutrients 

metabolised by the jS-cell, such as glucose, substances that stimulate 

metabolism of endogenous nutrients, and drugs, such as the sulphonylureas, 

tolbutamide and glibenclamide. These insulin secretagogues are initiators of 

secretion. Another group of secretagogues potentiate insulin secretion in the 

presence of glucose but cannot initiate its release in its absence. These 

include a number of hormones such as glucagon, GIP, vasoactive intestinal 

peptide (VIP) and transmitters such as acetylcholine (ACh). Also drugs such 

as diazoxide and physiological agents such as somatostatin, galanin, CGRP, 

and «2 adrenergic agents inhibit insulin release.

The j8-cell is electrically excitable and electrical activity, with its associated 

Ca^^ influx into the /3-cell, is a key event in initiating insulin secretion. Both 

glucose and sulphonylureas elicit electrical activity and insulin secretion by 

inhibiting a specific type of potassium channel in the plasma membrane of the 

/3-cell, the ATP-regulated K-channel, K-ATP channel, which is blocked by 

intracellular ATP. Thus the common denominator for these and other 

initiators of insulin secretion is their ability to close K-ATP channels and 

depolarise the jS-cell. In contrast, the effects of potentiators involve other 

mechanisms such as stimulation of jS-cell protein kinases. Inhibitors may act 

at the level of metabolism, the plasma membrane or exocytosis itself.
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The K-ATP channel controls the jS-cell resting potential and as a consequence 

of its inhibition the jS-cell membrane depolarises. This opens voltage- 

dependent Ca-channels and the resulting Ca^^ influx stimulates insulin 

secretion. Whereas sulphonylureas act as direct channel blockers, glucose 

and other nutrient secretagogues have to be metabolised by the j8-cell in order 

to generate intracellular ATP, thus inhibiting the K-ATP channel and thereby 

stimulating insulin secretion.

Secretion occurs by exocytosis as a consequence of a rise in the intracellular 

concentration of calcium ions. The secretory granules move to, and fuse 

with, the plasma membrane, discharging their contents to the extracellular 

milieu. There is evidence that Ca^^-dependent protein phosphorylation plays 

a role in the initiation of exocytosis. Potentiating effects of hormones and 

neurotransmitters may also involve activation of protein phosphorylation via 

effects on protein kinases A and C. Release of calcium from the intracellular 

stores may be involved in certain potentiating effects. However, a major 

mechanism for potentiation of secretion seems to be a sensitization of the 

secretory system to calcium ions.

1.6 Biological activity of proinsulin

Interest in the possible clinical usefulness of proinsulin resulted, in part, from 

the prolonged half-life of the prohormone compared to that of insulin (Starr 

and Rubenstein, 1974; Rubenstein et al, 1972), which suggested that it may 

be a useful adjunct to standard insulin therapy. In addition, in normal 

individuals significant amounts of proinsulin are secreted by the pancreas, and 

proinsulin secretion is known to be increased in several disease states 

(Duckworth and Kitabchi, 1976; Kitabchi, 1977).

Proinsulin produces its biological effects by direct interaction with the insulin 

receptor (Challoner and Yu, 1970; Freychet, 1974). However, even single 

peptide bond cleavage can dramatically increase the relative potencies of 

animal proinsulin (Chance et al, 1970). Two intermediates in the pancreatic
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conversion of porcine or bovine proinsulin to insulin have been shown to 

increase significantly biological potency relative to intact proinsulin (Kitabchi 

et al, 1972). Two individuals have been identified in whom normal pancreatic 

conversion of proinsulin to insulin is impaired as a result of an amino acid 

substitution at Arg 65, resulting in the secretion of large amounts of a partially 

cleaved proinsulin molecule. These patients exhibit normal glucose tolerance, 

suggesting that, at least in this limited situation, split proinsulin may exert 

significant biological effects. Even in normal humans, circulating proinsulin

like material is heterogenous and appears to contain a number of derivatives 

of proinsulin. The identity and origin of these molecules and their possible 

contribution to metabolic regulation are still unclear. Characterisation of the 

biological potency and receptor binding affinity of these proinsulin metabolites 

is therefore important with regard to understanding the biological activity of 

normal proinsulin. Peavy et al reported receptor binding affinity and 

biological potency of seven different split proinsulin forms in several systems 

(Peavy et al, 1985). They studied split 65,66, des 57-65, des 64,65, des 

33,34, des 31,32, split 32,33 and split 56,57 proinsulin and compared their 

receptor binding and biological potency in vivo and in vitro with intact 

proinsulin in vivo. Studies involved a subcutaneous injection of the intact or 

split proinsulin and measurement of blood glucose levels at fasting and up to 

5 hours after the injection. Des 64,65 human proinsulin (HPI) and split 32,33 

showed greater potency than intact proinsulin, with the des 64,65 form being 

the most potent in lowering blood glucose. The interaction of the intact and 

split proinsulin forms with insulin receptors was studied in competition 

binding assays using lM-9 lymphocytes, a cell line of human origin. 

Unlabelled insulin, proinsulin or the split proinsulin forms competed for 

receptor binding with (A-14) insulin. 70 fold more proinsulin was required 

to reduce ^^ Î-insulin binding by 50% as compared to the concentration of 

insulin necessary to produce the same response. Split 65,65 HPI and des

64,65 HPI had potencies relative to insulin of 20 and 22% respectively, while 

those of split 32,33 and des 31,32 HPI were 7 and 8% respectively, with 

intact proinsulin being 1.4%. Similar studies carried out using isolated fat
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cells yielded comparable results with potency relative to insulin being 14, 12, 

3, 5 and 0.56% for split 65,66 HPI, des 64,65 HPI, split 32,32 HPI, des

31,32 HPI and intact HPI respectively. In vitro biological activity was studied 

by incubating isolated adipocytes with 0.55mM [2-^H]glucose either with no 

additions or with specific concentrations of the propeptides, and incorporation 

of glucose into lipid was determined following the addition of toluene-based 

scintillation fluid (Moody et al, 1974). Again, split 65,65 and des 64,65 HPI 

had higher potencies relative to insulin (8% for both) compared to split 32,33 

(2%), des 31,32 (2%) or intact HPI (0.43%). Competitive binding studies 

using purified rat liver plasma membranes showed similar trends to those seen 

with isolated rat adipocytes but the relative affinity of all HPI forms for rat 

liver membranes appeared to be slightly greater than the relative affinity of 

isolated rat fat cells. The results showed that the increase in activity was 

greater with alteration in the C-peptide near the A chain of the insulin than 

with alteration near the B chain. Interestingly, retention of the dibasic residues 

in split 65,66 and split 32,33 HPI had little effect on the activity of these 

forms as compared to their respective des dipeptide forms des 31,32 HPI zmd 

des 64,65 HPI. Knowledge of the biological activity of human proinsulin 

derivatives may have important implications both in normal physiology and 

potentially in patients with diabetes. Since the split forms of the propeptide 

would have considerably greater biological potency than intact proinsulin, it 

is possible that these materials would contribute significantly to the biological 

activity of circulating immunoreactive insulin-like material in vivo (Root et al, 

1972).

Studies on the in vivo activity of biosynthetic human proinsulin showed that 

in healthy subjects synthetic HPI suppressed hepatic glucose output nearly 

50% more than stimulation of peripheral glucose disposal on a molar basis. 

Furthermore, despite relatively low biological activity, proinsulin had a 

prolonged hypoglycaemic affect which was thought to be due to the relatively 

longer circulating half-life of proinsulin as compared with insulin (Mangnall 

et al, 1977). Intravenous proinsulin has been shown to produce prolonged
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hypoglycaemic effects for up to five hours after injection. The immunologic 

disappearance rates from the blood were 18 minutes for proinsulin and 8 

minutes for insulin (Oyama et al, 1975). Decreased hepatic clearance of 

proinsulin compared to insulin accounts for these effects (Starr and 

Rubenstein, 1974; Bergenstal et al, 1984). Revers et al calculated that the 

clearance of infused synthetic HPI is 25 % that of insulin (Revers et al, 1984). 

Although in this study none of the infused proinsulin was converted to insulin, 

a small amount may undergo cleavage at one of the insulin-C-peptide bonds. 

Several important aspects of the activity of proinsulin, such as possible 

differential effects on glucose transport, suppression of hepatic glucose output 

and antilipolysis in various human tissues are still unclear.

1.7 Clinical significance of proinsulin

Hyperproinsulinaemia is a common feature in subjects with impaired glucose 

tolerance (IGT), non-insulin-dependent diabetes mellitus (NIDDM), gestational 

diabetes and insulinomas. Increased proinsulin secretion has also been found 

in subjects with insulin dependant diabetes mellitus (IDDM) (Ludvigsson and 

Heding, 1982; Heding et al, 1981) and in other clinical states associated with 

glucose intolerance, such as cystic fibrosis (Hartling et al, 1988), and 

hypokalemia (Gorden et al, 1972). More recent data has shown that 

hyperproinsulinaemia is associated with increased cardiovascular risk.

1.7.1 Hyperproinsulinaemia in IGT and NIDDM

The true insulin status of subjects with NIDDM is often unclear, leading to 

confusion as to whether they are hypo- or hyperinsulinaemic. Evidence from 

epidemiological data suggests that there is an increase in plasma insulin levels 

as glucose intolerance increases until the subject is frankly hyperglycaemic, 

at which time insulin levels fall (Zimmet et al, 1990). Studies on jS-cell 

function have implied an impairment of insulin secretion. There are several 

reasons for this confusion.

Firstly, the assessment of insulin secretion is difficult. Peripheral insulin
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levels are assumed to reflect in vivo insulin release, when it has been shown 

that the hepatic extraction and peripheral clearance of insulin are not constant 

(Ferrannini et al, 1983). Though methods for calculating insulin secretion 

rates using mathematical models (Stuns et al, 1991) and C-peptide infusion 

rate (Shapiro et al, 1988) exist, these have not been widely used. Secondly, 

the insulin response is related to the magnitude of the jS-cell stimulus applied. 

It has been shown that at an initial blood glucose range modest increases in 

the oral glucose load, raising plasma level by as little as 1 mmol/1, is adequate 

to increase the insulin response by 50-70% (Cerasi et al, 1973). This suggests 

that even if the insulin levels in a hyperglycaemic subject are similar to those 

of one with normoglycaemia, this may actually indicate impaired insulin 

secretion.

The third problem is the nature of the antigen measured by immunoassays 

employed in various studies. It has been shown that, even under relatively 

mild hyperglycaemic conditions, the proportion of circulating proinsulin rises 

from being less than 10% to 15-20% (Yoshioka et al, 1988), and being greater 

than 40% when severe hyperglycaemia occurs (Leahy, 1990; Yoshioka et al, 

1988). Hyperproinsulinaemia has also been observed in subjects with 

normoglycaemia but with islet cell dysfunction (Porte and Kahn, 1989; 

Hartling et al, 1989). In the face of these changes in the proportion of 

circulating proinsulin-like molecules it is imperative that studies use specific 

assays for insulin or assays with clearly defined degrees of cross-reactivity. 

Some assays have used antibodies with greater than 60% cross reactivity to 

the insulin-like molecules.

More recently several studies have been published employing specific 

measures of insulin and proinsulin. In one study of subjects with NIDDM 

approximately 50% of all insulin-like molecules in the fasting state consisted 

of proinsulin and des 31,32 proinsulin (Temple et al, 1989). They reported, 

following a 75g oral glucose load, a loss in first phase insulin release in 

subjects with NIDDM. These data may explain the confusion concerning the
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relative contributions of insulin resistance and insulin deficiency to the 

aetiology of NIDDM and suggest it may result from misinterpretation of the 

contribution of hyperproinsulinaemia to hyperinsulinaemia. The data show, 

however, that although insulin deficiency is a feature of NIDDM it cannot 

wholly explain the hyperglycaemia in this condition.

Another study used a specific insulin assay and a mathematical model based 

on fasting concentrations of insulin and glucose to determine the contribution 

of insulin deficiency and resistance to the aetiology of NIDDM (Nagi et al, 

1990). This study showed a significantly greater contribution of insulin 

deficiency than of insulin resistance to the degree of hyperglycaemia. In the 

51 subjects studied the proinsulin-like molecules accounted for approximately 

60% of the total immunoreactive insulin, although in other reports this 

proportion has generally been around 30% (Yoshioka et al, 1988).

Several groups have reported the effects of hypoglycaemic therapy on 

concentrations of proinsulin-like molecules in subjects with NIDDM. Diet- 

treated subjects who had an accompanying weight reduction had lower levels 

of circulating proinsulin and insulin but the relative proportion of proinsulin 

to insulin was not significantly decreased (Yoshioka et al, 1989). 

Chlorpropamide treatment produced increases in both the absolute and relative 

proinsulin concentration (Elkeles et al, 1982). A randomised, cross-over 

study of 11 subjects with NIDDM assessed the effects of insulin and 

sulphonylurea treatment on the levels of proinsulin-like molecules (Jain et al, 

1993). While glycaemic control was not altered by either therapy, insulin 

produced reductions of 43 and 20% in the concentrations of intact proinsulin 

and des 31, 32 proinsulin.

Currently, the cause of hyperproinsulinaemia in NIDDM is thought to be a 

pancreatic jS-cell defect that is augmented by the increased demand placed on 

jS-cell by hyperglycaemia, rather than a decreased clearance of proinsulin-like 

molecules from the circulation (Temple et al, 1989). A /(3-cell defect could be
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represent, either a primary dysfunction of the conversion mechanism itself, or 

a malfunction in related jS-cell regulatory mechanisms that affect insulin 

production secondary to hyperglycaemia. Recent advances have led to a 

clearer understanding of the mechanisms and regulation of proinsulin 

processing and certain defects in the proinsulin conversion mechanism may 

contribute to hyperproinsulinaemia.

1.7.2 Hyperproinsulinaemia in gestational diabetes

Gestational diabetes refers to glucose intolerance occurring in pregnancy, 

which abates following delivery, usually to recur as impaired glucose 

tolerance or NIDDM over the next decades (O’Sullivan, 1982; Domhorst et 

al, 1990). It is encountered in 2-3% of all pregnancies (Hadden, 1985). 

Several studies have shown that women both with gestational diabetes and 

with previous gestational diabetes have abnormalities in insulin response to 

glucose, with raised levels of circulating proinsulin and proinsulin-like 

molecules as well as insulin resistance (Ward et al, 1985; Efendic et al, 1987, 

Persson et al, 1985). Elevated proinsulin levels have been demonstrated in 

gestational diabetic subjects with normal fasting plasma glucose levels 

(Domhorst et al, 1991). These results appear to suggest a primary defect in 

proinsulin processing or insulin secretion.

1.7.3 Hyperproinsulinaemia in insulinoma

The majority of patients with benign or malignant insulinoma have both raised 

relative and absolute levels of circulating proinsulin-like molecules (Lazarus 

et al, 1970; Gutman et al, 1971). Delayed peripheral clearance of proinsulin 

as the sole cause of the high plasma levels was deemed unlikely since there 

were abnormally large amounts of proinsulin-like material in the tumour itself 

(Rastogi et al, 1973). In a study of patients with both benign and malignant 

insulinomas proinsulin-like molecules accounted for 8-78% of total serum 

immunoreactive insulin, with amounts abnormally increased in over 70% of 

those studied (Sherman et al, 1972). In insulinoma patients with a normal 

range of immunoreactive insulin proinsulin-like materials have been shown to
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account for 66% of it (Alsever et al, 1975). Several factors may account for 

the hyperproinsulinaemia characteristic of patients with insulinoma, such as 

an increased rate of proinsulin synthesis, defective conversion, storage and 

release mechanisms, production of a defective peptide, or a combination of 

these events. Data from in vitro studies of insulinoma tissues suggests that 

marked shortening of storage and processing phases result in defective 

conversion of proinsulin to insulin (Creutzfeldt et al, 1973). The tumours 

produced proinsulin at an overall rate similar to that in normal, isolated 

pancreatic islets. However, a shortened storage phase allowed secretion 

before adequate proinsulin processing had occurred. The cause of this 

accelerated release and a shortened storage is unclear, but, perhaps suggests 

shunting to the constitutive pathway.

1.7.4 Proinsulin-like molecules and cardiovascular risk factors

Subjects with NIDDM have a substantially elevated risk of cardiovascular 

disease (Garcia et al, 1974). Several studies have observed relationships 

between cardiovascular risk factors and concentrations of proinsulin-like 

molecules (Nagi et al, 1990; Haffner et al, 1993). Concentrations of 

proinsulin-like molecules were significantly correlated with total and HDL 

cholesterol and triglyceride levels, diastolic blood pressure and an inhibitor of 

fibrinolysis, plasminogen activator inhibitor-1. These relationships, while 

being interesting, do not demonstrate a causal interaction between proinsulins 

and any of the cardiovascular risk factors. Data from in vitro studies (Nordt 

et al, 1994), as well as intervention studies (Jain et al, 1993) suggest that the 

correlations observed between concentrations of proinsulin-like molecules and 

PAI-1 might represent a cause and effect relationship, although no such 

evidence exists for relationships with lipids and blood pressure.

1.8 Desirability of assays for proinsulin-like molecules:

The availability of immunoassay methodology for the proinsulin-like molecules 

is important to define their physiological and pathophysiological significance 

in humans. In recent years specific assays for insulin and intact proinsulin
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have become available (Bowsher et al, 1992; Sobey et al, 1989) allowing the 

differentiation of proinsulin and its intermediate conversion products, des

31,32 proinsulin and des 64,65 proinsulin, from insulin, and enabling a 

clearer understanding of the role of these molecules. Elevated concentrations 

of des 31,32 proinsulin may provide an early marker for j8-cell dysfunction 

(Krentz et al, 1993; Williams et al, 1991) and these molecules may also have 

a role in some of the abnormalities of cardiovascular risk in NIDDM (Nagi 

et al, 1990). However, the sensitivity of currently available assays for des

64,65 proinsulin is inadequate, and that for des 31,32 proinsulin just adequate, 

to measure their levels in normal and diabetic subjects. Furthermore, even 

employing current 2-site monoclonal immunoradiometric assays, substantial 

cross reaction is observed with intact proinsulin. The main problem in 

developing assays to the different proinsulin-like molecules is a lack of high 

affinity, specific antibodies to the molecules.

1.8.1 Immunogenieity of proinsulin-like molecules

The production of antibodies relies on the in vivo humoral response of 

animals. Immunogenieity, the ability of a molecule to induce an immune 

response, is determined both by the intrinsic chemical structure of the 

immunogen and by whether or not the host animal can recognise the 

compound. These two factors determine whether the immune system responds 

to a given molecule. Some substances fail to induce a strong response and in 

these cases the immune system can often be manipulated to increase the 

response by modifying either the antigen or the host. The potential repertoire 

of antigen-combining sites is vast, and therefore, with the correct choice of 

immunogen and manipulation, it is theoretically possible to generate antibodies 

with almost any specificity.

Antibodies are synthesised primarily by specialised lymphocytes, plasma cells, 

the final products of B-lymphocyte differentiation. The production of a strong 

antibody response is controlled by inducing and regulating the differentiation 

of B-cells into plasma cells. During this differentiation, B-cells become
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transformed from virgin B-cells, which have a modified antibody as a cell- 

surface antigen receptor and do not secrete antibodies, to activated B-cells, 

which both secrete antibodies and have cell-surface antibodies, and then to 

plasma cells, which secrete antibodies but have no surface antigen receptors. 

The steps in this differentiation process are controlled by the presence of the 

antigen and by cell-to-cell communication between B-cells and helper T-cells.

Most naturally occurring or synthetic compounds can act as successful 

immunogens. A good immunogen has three chemical features: (1) it must 

have an epitope that can be recognised by the cell-surface antibody found on 

B-cells, (2) it must have at least one site that can be recognised simultaneously 

by a class II protein and by a T-cell receptor, and (3) usually, it must be 

degradable. These are intrinsic properties required for an antigen to elicit a 

good antibody response. But, in order to force an animal to respond to an 

antigen, other factors, such as the dose and form of the immunogen, the use 

of adjuvants, and potential modification, have all to be considered.

One reason why an animal may fail to respond to a given molecule is that the 

appropriate B and/or T-cells have been eliminated during the development of 

self-tolerance. An animal avoids responding against itself by the elimination 

of B-cells or T-cells that produce receptors that can bind to host molecules. 

Therefore, if an injected molecule is identical or very similar to a host 

molecule, it is ignored by the immune system. On a few occasions an animal 

may not respond to a particular compound due to the failure of class II 

proteins to bind to the antigen fragments.

There are only a limited number of places at which intervention is possible to 

manipulate and tailor the response to a particular antigen. The types of 

intervention can be divided into two broad categories: ii)either modifying the 

antigen or, ii)altering the injection conditions. Antigen modifications are 

usually only tried after an initial immunisation regimen has failed. The 

second class of intervention are practically more easy to achieve and include
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the choice of animal, the dose and form of the antigen, the use of adjuvants, 

the route and number of injections and the period left between injections.

The choice of animal for immunisation is determined by four points; i)how 

much serum is needed, ii)from what species the antigen is isolated, iii)whether 

monoclonal antibodies are needed, and, iv) how much antigen is available.

The immunogenieity of the proinsulin-like molecules is a major concern when 

trying to raise antibodies to these antigens. Insulin autoantibodies have been 

demonstrated in vivo in patients with insulin-dependent diabetes prior to 

insulin treatment (Dean et al, 1986; Eisenbarth et al, 1986; Atkinson et al, 

1986). It is not known whether insulin itself, its precursor molecules, or 

antigenically cross-reacting environmental substances, induce an immune 

response to insulin. The presence of proinsulin-specific autoantibodies in 

patients with newly diagnosed IDDM, before the onset of insulin treatment, 

have also been reported (Kuglin et al, 1988; Kuglin et al, 1990). These 

antibodies did not bind insulin but did so with C-peptide, indicating that most 

of the proinsulin-specific immunoglobulin autoantibodies recognised 

determinants common to proinsulin and C-peptide. This does not exclude a 

role for other proinsulin-specific determinants such as the amino acid 

sequences split during excision of C-peptide, or conformational determinants. 

Furthermore, in patients with IDDM, treated with insulin or proinsulin, 

antibodies to proinsulin were isolated (Fineberg et al, 1987). All these studies 

suggest that proinsulin may be used as an immunogen to induce a specific 

antibody response.

1.8.2 Polyclonal antibodies

Because the proinsulin-like molecules are highly conserved they have tended 

to be poor immunogens in most of the conventional animals used for raising 

polyclonal as well as monoclonal antibodies. A comparison of amino-acid 

sequence data (Mirza et al, 1987) shows that considerable homology exists 

between mammalian insulins (Fig 1.3). For most of these the variable
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residues are located at positions 8-10 on the A-chain and residues 29-30 on the 

B-chain. Human insulin, for example, differs from porcine and bovine insulin 

by one (B30) and three (Ag, Â o, B30) amino acids respectively, while rabbit, 

a preferred animal for polyclonal antibody production, differs by only one 

residue (B30). The only animal which appears significantly different in terms 

of homology of amino acid sequence is the guinea-pig (A4, A9, Â g, Aj2, A13, 

Ai4, Ai7, Ajg; B3, B4, Bio, ®u> ®205 ®2i> ®22> ®27> ®3o)* However, unlike

polyclonal antibodies raised in large animals, there are problems intrinsic in 

the small quantity of serum, and therefore antibody, available from an 

immunised guinea-pig. Sequence data for C-peptide and proinsulin also show 

similar levels of interspecies sequence homology.

1.8.3 Monoclonal antibodies

In order to obtain prolonged supplies of antibodies of uniform specificities and 

affinities it would be necessary to raise hybridomas capable of secreting 

antibodies with the necessary properties. The ability to produce stable 

immunoglobin-secreting hybridomas was first described in 1975 (Kohler and 

Milstein, 1975).

One of the major parameters determining the successful outcome of a fusion 

is the expansion of clones of B lymphocytes secreting specific antibody prior 

to removal from the immune animal. The route of administration and 

distribution of antigen will determine the microenvironment in which the 

antigen interacts with antigen-presenting cells, B and T cells (Basten et al, 

1977). Since subsets of B and T cells circulate through preferred 

microenvironments, the major part of an immune response to antigen may 

well occur at one particular site in preference to another, for example, spleen 

or lymph node, leading to an enrichment of B cells of interest. The use of 

cells from such a site may enhance the quality of a fusion.

1.8.3.1 Antigen immunogenieity

Conventionally two or three doses of antigen are administered with adjuvant,
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separated by intervals of 2-3 weeks. A final intravenous booster dose 

completes the schedule approximately 3 days before a fusion is carried out. 

This allows a primary antibody response to be followed by class switching to 

a predominantly IgG response. The booster dose activates resting immune 

lymphocytes to ensure a pool of rapidly dividing cells. These are thought to 

participate preferentially in fusion reactions (Campbell, 1984).

Insulin has been used as a model antigen to investigate protein immunogenieity 

and antigenicity (Keck, 1975; Schroer et al, 1983; Jensen et al, 1984). 

Although both spleen cells and lymph node cells have been used to isolate 

monoclonal antibodies to insulin (Schroer et al, 1983; Storch et al, 1985) there 

is some evidence that the immune response to insulin occurs in lymph nodes 

in preference to spleen (Jensen and Kapp, 1984).

1.8.3.2 Route of immunisation

Mirza et al showed that use of spleen cells resulted in low specific fusion 

frequency and in hybridomas secreting monoclonals of low binding when 

screened against insulin by enzyme-linked immunosorbent assay (ELISA; 

Mirza et al, 1987). In contrast, lymph node fusions were characterised by 

high specific fusion frequencies and greater binding by specific monoclonal 

antibodies. A rapid technique for the production of monoclonal antibodies to 

mouse autoantigens using a footpad in immunisation protocol has been 

described (Holmdahl et al, 1985) and since modified by Coyle et al (Coyle et 

al, 1992).They showed that administration of antigen via the rear footpad with 

subsequent fusion of popliteal and inguinal lymph node lymphocytes induces 

a higher frequency of hybridomas secreting specific antibody than either 

intradermal immunisation and lymph node lymphocyte fusion, or conventional 

subcutaneous immunisation and intra-peritoneal boost followed by splenic 

lymphocyte fusion. The phenomenon was observed with different antigens, 

including insulin, bovine intestinal alkaline phosphatase, and human lymphoid 

cell surface antigens.
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1.8.3.3 Antigen availability

The choice of animal and method of immunisation is also determined by the 

availability of the antigen. Several methods have been developed for the 

production of monoclonal antidotes using limited amounts of antigen. These 

include in vitro immunisation of splenic cells (Reading, 1986; Erkman et al, 

1987; Gratecos et al, 1987), single-shot intrasplenic immunisation (Spitz, 

1986) and an abdominal lymph node immunisation technique (Raymond and 

Suh, 1986). Hong et al have described a study comparing the immune 

responses following inguinal lymph node injection with those obtained after 

intrasplenic and subcutaneous immunisation (Hong et al, 1989). Various 

incomplete adjuvants and alum were also compared in each immunisation 

procedure. They found intrasplenic and inguinal lymph node immunisations 

with limited amount of antigen induced good primary immune responses.

The mechanisms involved in immunisation in vivo are not fully understood and 

in vitro systems have been used to understand the cellular interactions during 

the development of humoral immune responses. Data from these studies 

demonstrated the participation of several cells types in the initiation of 

antibody production, including precursor bone-marrow-derived B lymphocytes, 

helper and suppressor thymus-derived T lymphocytes and macrophages, 

monocytes (Mann et al, 1973).

In addition, it was also shown that many of these cellular interactions were 

mediated through lymphocyte derived or monocyte-derived soluble factors 

lymphokines and monokines respectively. The first use of spleen cells 

sensitised in vitro and fused with myeloma cells to lead to specific monoclonal 

antibody production was reported in 1978 (Hengartner et al, 1978). This 

system of immunisation has now been utilised by several groups to produce 

antibodies to hapten (Reading, 1982), highly conserved cellular proteins 

(Pardue et al, 1981, 1982), soluble glycoproteins and polysaccharides 

(Reading and Farmer, 1981) and to murine and human tumour cells (Miner 

et al, 1981; Dicke et al, 1982). This procedure has several advantages over
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immunisation in vivo. Firstly, the immunisation procedure requires only 5 

days, it is possible to maintain defined concentrations of antigen during 

immunisation, it is possible to test the effects of various monokines and 

lymphokines at defined concentrations, it allows periodic sampling of the same 

culture during the course of the experiment and lastly, it is possible to produce 

antibodies to ’self’ antigens which are not produced in vivo due to suppression 

or tolerance.

1.8.4 Heterohybridomas

Much of the progress in hybridoma technology has been limited to rodents due 

to lack of suitable myeloma cell lines in other species of interest. Several 

groups have reported the production of stable inter-species heterohybridomas. 

These include human-mouse (Butler et al, 1983; Teng et al, 1983; Cascino et 

al, 1986), bovine-mouse (Dain et al, 1984; Teng et al, 1983), sheep-mouse 

(Beh et al, 1986; Flynn et al, 1989), rabbit-mouse (Yarmush et al, 1980) and 

goat-mouse (Capparelli et al, 1990). These studies confirm the rapid 

expansion and potential of heterohybridoma technology.

Because interspecies fusions, even when successful, have often produced 

unstable cell-lines, it may be necessary to explore other routes in order to 

raise antibodies with the desired specificities.

1.8.5 Phage antibody technology

In order to increase affinities and specificities, genes from hybridomas can be 

isolated and gene technology used to define their properties.

Phage-antibody libraries offer an alternative technology to hybridoma 

technology in the isolation of antibodies from immunised animals (Winter and 

Milstein, 1991). Antibody genes are cloned directly from lymphocytes of 

immunised animals or from hybridomas, and expressed in bacteria. The 

antibody products are then screened for binding to antigen. As with 

hybridoma technology, the process relies on animal immunisation to give rise
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to many antigen-specific cells. Hybridoma technology can immortalize these 

cells, while gene technology can immortalize their genes. The phage-antibody 

approach has not been attempted for generation of antibodies to proinsulin.

1.9 Aim(s) of the project

There is a need to generate several anti-proinsulin antibodies but proinsulin

like molecules are poor immunogens. Because splenic routes of 

immunisation, such as intraperitoneal and intravenous, have met with limited 

success, special immunisation protocols such as footpad and in vitro injections 

are necessary to generate high affinity antibodies. We require several 

antibodies against a variety of epitopes on the antigen, as well as antibodies 

directed against very discreet and possibly less immunogenic sites, in order 

for them to be employed in specific assays for the different proinsulin-like 

molecules. Therefore, the most successful route to produce the necessary 

antibodies may be to raise polyclonal and monoclonal antibodies by a 

combination of routes.

The project plan involves firstly raising antibodies to the proinsulin-like 

molecules, secondly, using these and other commercially available antibodies 

in order to develop assays to the proinsulin-like molecules, and thirdly to 

study the levels of these molecules in several clinical conditions.

1.9.1 Raising antibodies

Animals, both mice and guinea-pigs, will be immunised with the different 

proinsulin-like molecules, intact, des 31,32 and des 64,65 proinsulin. 

Different adjuvants, Freund’s complete and Freund’s incomplete and RiBi, 

will be used to emulsify the antigens prior to immunisation.

The guinea-pigs will be used for:

(i) raising polyclonal antibodies

(ii) fusion using stimulated lymphocytes from lymph nodes

(iii) fusion using spleen cells immunised in vitro 

Routes (ii) and (iii) will also be carried out in mice.

50



The antibodies raised will be screened for specificity and affinity to the 

different antigens. The ones with the required properties will be cloned and 

used for ascites production, followed by antibody purification and 

characterisation. Purified antibodies will be labelled to either an enzyme or 

tracer.

1.9.2 Assay development

The antibodies satisfying the specificity and affinity requirements will be used 

to:

(i) improve the specificity and sensitivity of existing assays for the proinsulin

like molecules and

(ii) develop assays for other proinsulin-like molecules using different 

combinations of the antibodies

1.9.3 Clinical application

Three groups will be studied:

(i) non-diabetic subjects in whom existing assays have been unable to measure 

the levels of proinsulin-like molecules

(ii) subjects with NIDDM, in the basal as well as in the glucose-stimulated 

state, and in response to therapy

(iii) subjects with impaired regulation of insulin synthesis such as those with 

insulinoma.

In a majority of patients with insulinoma both absolute and relative levels of 

circulating proinsulin-like molecules are raised (Robbins et al, 1984). 

Evidence suggests that these tumour islets produce proinsulin at overall rates

similar to those encountered in normal, isolated pancreatic islets, but have a

shortened storage phase prior to secretion leading to inadequate proinsulin 

processing (Creutzfeldt et al, 1973). Detailed characterisation of this 

proinsulin-like material has not been done. This laboratory has collected and 

stored plasma samples from 20 subjects with histologically proven insulinoma. 

Levels of all the propeptides will be measured in these samples.
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These results, in addition to their relevance in subjects with insulinoma, would 

be of interest, firstly, if in these subjects circulating levels of des 64,65 

proinsulin were low, or undetectable, then their importance in non-insulin- 

dependent diabetes or in normal subjects would be expected to be minimal. 

Secondly, low levels of des 64,65 proinsulin would also be important in 

reinforcing in vitro data suggesting that the proinsulin conversion in humans 

proceeds via the preferred pathway involving the initial generation of the des

31,32 proinsulin species (Rhodes et al, 1992). Thirdly, if the levels of des

64,65 proinsulin in these samples are low or undetectable it would also 

validate assays for insulin and intact proinsulin in which the only cross

reacting species is des 64,65 proinsulin (Sobey et al, 1989).
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Figure 1.1:
Schematic representation of insulin biosynthesis
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Figure 1.2:
Conversion of proinsulin to insulin
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Figure 1.3:
Species differences in amino acid sequences of insulin A and B chains
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CHAPTER 2

Polyclonal antibodies to proinsulin-like molecules
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2.1 Introduction

The problem of measuring insulin specifically in human serum is compounded 

by the presence of both intact proinsulin and partly processed proinsulin (Gray 

et al, 1984). In several diseased states, such as NIDDM and cardiovascular 

disease (CVD), and in subjects with insulinomas, the circulating levels of 

these propeptides have been shown to be raised (Yudkin, 1993). Assays 

capable of specifically measuring the wide range of insulin-like molecules in 

plasma have been achieved by the use of HPLC techniques (Linde et al, 1991) 

as well as by use of a panel of monoclonal antibodies raised against these 

molecules (Sobey et al, 1989). Unfortunately, these assays are not capable of 

differentiating absolutely between intact proinsulin and the two split 

proinsulins and are not sensitive enough to detect fasting levels of des 64,65 

split proinsulin in human sera.

The improvement of both assay specificity and sensitivity are hindered by the 

lack of high affinity, specific antibodies. Despite over 2000 immunisations in 

mice using different proinsulin-like molecules by several different groups the 

antibodies raised have all been of low specificity and affinity.

It is likely that the reason for these disappointing results is the high degree of 

conservation, both at the amino acid sequence level and in the 3-dimensional 

structure, of these proinsulin-like molecules between the species. Therefore, 

immunisation of mice with human proinsulin-like molecules gives rise to a 

very poor immune response. Also, attempts to use modified antigens as 

immunogens have been disappointing. Furthermore, conventional animals 

such as sheep, goat or horse, which are used to raise polyclonal antibodies, 

or rat and mouse, which are used for monoclonal antibody production, all 

show high sequence homology with human insulin and insulin-like molecules. 

The only animal showing substantial amino acid exchanges in comparison to 

human insulin and proinsulin are guinea-pigs. For example, when comparing 

insulin A chains, man, pig, dog, monkey, rat and rabbit show complete 

homology, sheep and goat show 3 amino acid exchanges, while guinea-pig
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show 8 in this region (Chapter l:Fig 1.3). It would appear that they would, 

therefore, be an ideal host for immunisation for raising both polyclonal and 

monoclonal antibodies.

The use of polyclonal antibodies in immunological assays also has important 

advantages: firstly, they are excellent for routine affinity purification of an 

antigen; secondly, they have often been used to correlate an expressed partial 

gene sequence to a native gene product and, finally, they have the ability to 

see a particular antigen from so many different perspectives, which is of great 

technical advantage.

2.2 Study Aims

The aims of this study were to

(i) raise polyclonal antibodies to human des 31,32 and des 64,65 proinsulin 

in guinea-pig;

(ii) to screen these antibodies by assessing their titre and specificity;

(iii) to purify the antibodies and to label them with enzyme or radiolabel for 

future use in immunoassays.

2.3 Methods

2.3.1 Immunisation of animals

An initial pilot study was carried out for which 7 female guinea-pigs 400- 

450g, 12-16 weeks of age, were immunised with human des 64, 65 proinsulin 

(3 animals) or des 31, 32 proinsulin (4 animals), subcutaneously in complete 

Freund’s adjuvant. The animals were reimmunised after 4 weeks and ear- 

bleed obtained 2 weeks after the second injection. Three 0.4ml aliquots of 

anti-serum was collected from each animal (labelled GP1-GP7).

For the main study 9 female guinea-pigs, 4(X)-450g, were used of which 5 

were immunised subcutaneously with des 64,65 proinsulin (GP8-GP12), while 

the remaining were injected with the des 31,32 proinsulin (GP13-GP16). The 

animals were boosted monthly, for 3 months, with test bleeds carried out to
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ascertain antibody production, rested for 5 months and reimmunised 5 days 

prior to bleeding by cardiac puncture. The primary injections were with the 

antigen immobilised in complete Freund’s adjuvant (Difco Labs, East 

Molesey, UK), while the subsequent boosts were carried out with antigen in 

incomplete Freund’s adjuvant.

Three to six mis of antiserum was collected from each animal and the plasma 

fraction separated by centrifugation at 2500 rpm for 15 min, and 0.5ml 

aliquots stored frozen at -70°C.

2.3.2 Purification of guinea-pig antiserum

Two different methods of purification were tried to optimise purity and 

maximise yield, affinity chromatography using protein-A-sepharose columns 

or sodium sulphate precipitation followed by ion-exchange chromatography 

using diethylamino ethyl ether (DBAE)-sephadex columns.

Both methods have been conventionally used for purification of 

immunoglobulins.

2.3.2.1 Affinity chromatography - Protein-A-sepharose

Protein A is isolated from the culture medium of a strain of Staphylococcus 

aureus which does not incorporate the protein into its cell wall. Protein A 

interacts with the Fc portion of molecules from many species (Kronvall et al, 

1970; Langone, 1978). It binds IgG from most mammalian species 

(Goudswaard et al, 1978; Richman et al, 1982; Reis et al, 1986: Table 2.1).

Protein A-sepharose CL-4B (Pharmacia, Milton Keynes) is protein A 

covalently bonded to a cross-linked matrix, Sepharose CL-4B, by the 

cyanogen bromide method. This matrix exhibits high chemical and mechanical 

stability and protein A-sepharose CL-4B is stable over the pH range 2-11. It 

also tolerates high concentrations of dénaturants, such as urea or guanidine 

HCl, or chaotopic salts, for example, 3M potassium isothiocyanate, commonly 

used for eluting bound molecules from immunoadsorbants.
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The protein A content of the swollen gel is 2mg.ml ̂  and the binding capacity 

for IgG is approximately 20mg IgG per ml of gel. Ig of the freeze dried 

powder was swollen and washed for 15 minutes on a sintered glass filter with 

about 200ml of starting buffer, O.IM Tris/HCl, pH 9.0, added in several 

aliquots. The swollen and washed gel was packed into a 1ml column. 0.5ml 

of guinea-pig serum, diluted with 2ml of staining buffer was loaded into the 

equilibrated column. The gel was washed with approximately 10 volumes of 

starting buffer to remove unbound contaminants and this breakthrough was 

collected to check for any loss of IgG. The column was then eluted with 20ml 

of O.IM citrate buffer, pH 3.0. Since the elution conditions are quite harsh, 

it was necessary to collect the fractions into a few drops of IM Tris-HCL, pH 

9.0, so that the final pH of the fractions was approximately neutral. The 

fractions containing the antibody were pooled and desalted using a small 

column of Sephadex-G-25 (PD-10, Pharmacia Biotech, Milton Keynes, UK). 

The OD280 of breakthrough and eluates was measured (Fig 2.1).

2.3.2.2 Ion-exchange chromatography - DEAE Sephadex

Pre-swelled DEAE-Cellulose (Pharmacia Biotech, Milton Keynes, UK), a 

polycationic exchanger coupled to a dextran base-matrix, was packed into a 

10ml syringe and equilibrated with 0.07M phosphate buffer, pH 7.5.

Two ml of anti-sera was stirred with 0.36g sodium sulphate (18% solution) 

and incubated for 30min at room temperature. The solution was centrifuged 

at room temperature, at 3000g for 30 min. The supernatant was discarded 

and the precipitate redissolved in 1ml of distilled water. The solution was 

reprecipitated with 14% sodium sulphate, centrifuged at 3000g for 30min. 

The supernatant was redissolved in 0.6ml of distilled water and dialysed 

against 0.07M phosphate buffer, overnight at +4°C., with at least three buffer 

changes.

The dialysate was applied onto a DEAE-cellulose column equilibrated with the 

phosphate buffer and eluted with IM sodium chloride. 0.2ml fractions were 

collected and absorbance monitored at 280nm.
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2.3.3 lodînation of proinsulin

Human des 64,65 proinsulin, Mono lot no. A42-4MJ-86D, specific 

activity 8.7MBq.^g \  at 0.9MBq/vial containing 103.92ng/vial, was obtained 

from Lilly Research laboratories (Indianapolis, USA), courtesy of Dr B 

Frank. The pilot studies were carried out with this label. The label was 

reconstituted with 5.0ml of 0.5M barbitone buffer, pH8.0 and 50^1 aliquots 

were stored at -20°C. The average counts per minute (cpm) were 228528 and 

the aliquots were diluted prior to use to obtain a working dilution with 

approximately 20000cpm (2.3ng.ml'^ = 252.9pmol.L'^).

For subsequent studies two methods of iodination of intact proinsulin were 

attempted, chloramine-T and l,3,4,6-tetrachloro-3a,6a-diphenyl glycoluril 

(lodogen; Salacinski et al, 1981; Greenwood et al, 1963), as the labelled des 

forms, or the unlabelled antigens, were not available in adequate quantities. 

The mechanism of iodination is as follows. Between pH 7.0 and 8.0, the 

ortho position in the aromatic ring of tyrosine of peptides and proteins is 

activated for electrophilic attack, owing to the electron-donating effect of the 

neighbouring hydroxyl group. Iodine in the form of iodous ion (U), acts as 

the electrophilic agent to give the radiolabelled tracer (Bolton et al, 1979). 

Both the methods used here utilise oxidising agents that oxidise sodium iodide 

to form the iodous ion. Improved incorporation has been reported using 

excess of the oxidising agent, Chloramine-T (Greenwood et al, 1963). While 

the incorporation is improved by this method problems due to oxidation 

damage occurs, due to the use of excess oxidising agent that come into contact 

with the protein or peptide in solution, specifically the oxidation of methionine 

to methionine sulphoxide (Alexander and Jennings, 1974; Alexander, 1973) 

and tryptophan to the oxindole (Pennisi and Rosa, 1969) . This damage 

affects the physicochemical integrity of the protein or peptide and results in 

losses of biological and immunological activity, especially when the 

tryptophan or methionine residues are involved in the biological or 

immunological sites of these molecules. lodogen, a sparingly soluble 

chloramine, used as a solid-phase oxidising agent, is a milder reagent, and is
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reported to result in higher iodine incorporation with less iodination damage 

than Chloramine-T (Salacinski et al, 1981).

2.3.3.1 Iodination of proinsulin with chloramine-T

Ten fxg of chloramine-T in 10^1 of O.IM Tris/HCL, pH7.4, was added to 

0.5nmoles of proinsulin in 100/xl of 0.2M phosphate buffer, pH7.5 and 18.5 

MBQ of and incubated at room temperature for 4min. The iodination 

mixture was separated on a Sephadex G-25 column (PD-10; Pharmacia 

Biotech, Milton Keynes, UK), with 0.2M phosphate buffer, pH7.5 containing 

1% bovine serum albumin (BSA) and the iodination evaluated as described 

below.

2.3.3.2 Iodination of proinsulin with lodogen

A solution of iodogen, l.Omg.mU, in dichloromethane was prepared and 20fi\ 

of this solution was added to each of a set of polypropylene tubes. The 

solution was evaporated by rotating slowly in a water bath at 3TC. This 

removes the dichloromethane, produces a film of lodogen, and ensures that 

the lodogen does not form a suspension which may give variable iodinations. 

The tubes were stored in the dark at -20°C for up to 6 months. 200 pmoles 

of proinsulin in 40fi\ of 0.5M phosphate buffer, pH 7.0, and 18.5 MBq of 

(IMS 30; Amersham, UK) were added to an lodogen coated polypropylene 

tube (10/xg per tube) . The tube was mixed and left at room temperature for 

15min. Iodination was terminated by adding 0.5ml of sodium iodide solution 

or the removal of the mixture into a new, uncoated tube. 10/xl of the 

iodination mixture was added to a tube containing 990fi\ of phosphate buffer 

and lOÔ d of this diluted mixture was transferred to another tube containing 

900jLil of phosphate buffer. 10/d of this (1 in 1000 dilution) was used as the 

’total count’ tube. The remaining iodination mixture was applied onto a 

Sephadex-G25 column equilibrated in 0.5M barbitone buffer containing 0.1% 

bovine serum albumin, pH 8.0. The column was eluted with barbitone buffer 

into twenty 0.5ml fractions.
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The evaluation of the iodination was carried out by removing 10^1 from each 

fraction and added to 990/̂ 1 of the phosphate buffer into appropriately labelled 

LP3 tubes. The tubes were mixed and 10^1 transferred from each tube to 

empty LP3 tubes. All tubes, including the ’total count’ tubes, containing the 

10^1 samples, were counted on a gamma counter for 1 min (Nuclear 

Enterprises, UK; NE 1600). lOÔ il of phosphate buffer was then added to the 

10/il aliquots along with 1ml of 10% trichloroacetic acid (TCA) solution. The 

solution was mixed and left at +4°C for 30min. The tubes were then 

centrifuged at 350g for lOmin at +4°C. The supernatant were aspirated and 

the pellets counted for Imin. The fractions showing 90%, or greater, TCA 

precipitable counts were kept. The percentage of counts precipitated in the 

’total count’ tube was used as a measure of percentage incorporation of label 

into the hormone.

2.3.4 Titration of antisera

The antisera were titrated with proinsulin in the liquid phase, bound to 

or proinsulin in the solid phase, bound to microtitre plates.

2.3.4.1 Liquid-phase proinsulin

Each of the antisera was serially diluted at the following dilutions: l:l(f , 

1:10 ,̂ 1:1(P, 1:10 ,̂ 1:10^ 1:10  ̂ and 1:10\ 100/d (in triplicate) of each of 

these dilutions of the guinea-pig sera was incubated for 3.5 hours at room 

temperature with 50/xl of human des 64,65 proinsulin-P^^ label. At the end of 

the incubation 50/tl of donkey anti-guinea-pig immunoglobulin bound to 

cellulose (SAC-cell 3; IDS, UK) was added to all tubes (except total counts) 

and incubated at room temperature for 30 minutes. 1.0ml of ice-cold 0.5M 

barbitone buffer was added, vortexed for 5 seconds and centrifuged at 

2500rpm for 20 minutes. The supernatant was decanted and the pellet 

resuspended in 0.5ml of buffer, vortexed and centrifuged at 400g for 20 

minutes. The supernatant was discarded and the pellet counted for 1 minute 

and 5 minutes (NE 1600).
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The assay was repeated using 100^1 of anti-guinea-pig immunoglobulin- 

cellulose conjugate to optimise binding. Incubation of Ig-cellulose conjugate 

was also tried overnight at +4°C, as well as at room temperature for 4 hours.

2.3.4.2 Time course experiments

The antisera were diluted at 1:10 ,̂ 1:10 ,̂ 1:2x10^, 1:4x10^, 1:6x10^, l:8xl(P 

and l : l ( f  and similarly up to 1:10^ and incubated with label for different 

lengths of time as follows: 4 hours at room temperature, overnight at 4-4°C 

and for 2, 3, 5 and 6 days at 4-4°C. The ’zero’ tubes contained 100/xl 0.5M 

barbitone buffer, 50/xl of label and 100/xl of anti-guinea-pig Ig-cellulose, the 

non-specific binding (NSB) tubes contained 100/xl of antiserum from a non

immunised guinea-pig, 50/xl of label and 100/xl of Ig-cellulose, while total 

count tubes were prepared containing only 50/xl of label.

2.3.4.3 Proinsulin in the solid-phase

96-well microtitre plates (Immulon 2; Dynatech, UK), were coated with intact 

proinsulin, as the des forms were not available in sufficient quantities for this, 

2.5/xg per ml, in 0.05M sodium carbonate buffer, pHlO.O, containing 0.02% 

sodium azide, at 200/xl per well and incubated overnight at 4-4°C. Non

specific sites were blocked by washing four times, 250/xl per well, with 

blocking buffer containing 0. IM tris, 5 % sucrose, 0.45 % sodium chloride and 

0.1% bovine serum albumin, pH8.5. Plates were dried for one hour at 37° 

C and stored until further use at -l-4°C for up to 2 weeks. Doubling dilutions 

of the guinea-pig anti-sera were prepared in phosphate buffered saline (PBS) 

containing 0.05% Tween 20, from 1 in 100 to 1 in 51200 and added at 200/xl 

per well, in duplicate and incubated at room temperature for 2h. Plates were 

aspirated and washed 3 times in PBS-Tween and placed inverted on paper 

towels for Imin to remove excess liquid. Anti-guinea-pig-IgG-peroxidase 

conjugate (Sigma Chemical Co., Poole, UK), diluted 1 in 6000 in PBS- 

Tween, was added to plates at 200/xl per well, covered and incubated at room 

temperature for Ih. Plates were washed 3 times with PBS-Tween and left to 

dry for 1 min. Freshly made substrate, containing 75ml substrate buffer.
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40mg of o-phenylenediamine (OPD) and 25jLtl of a 30% hydrogen peroxide 

(H2O2) solution, was added to plates at 150/il per well and incubated at room 

temperature, in the dark, for 3 to 5 min. The reaction was stopped with 50^1 

of 2M sulphuric acid. Plates were mixed for 2min and the optical density at 

490nm recorded.

2.3.5 Assessment of binding

2.3.5.1 Tube assay

The dilution of the guinea-pig sera which gave 30-40% of maximal binding 

was used in the following affinity experiments.

lOOjLtl of appropriately diluted guinea-pig sera was added to tubes, followed 

by 50^1 of labelled des 31,32 or des 64,65 proinsulin and 50jtil of ’cold’ 

diluted insulin, intact proinsulin, des 31,32 proinsulin or des 64,65 proinsulin 

at concentrations 1, 10, 100,1000 and 10000 ngml \  The tubes were vortexed 

for 5 seconds and incubated overnight at +4°C.

At the end of the incubation, 100/d of anti-guinea-pig Ig-cellulose conjugate 

was added to all tubes, except total counts, and incubated at room temperature 

for 4 hours.

1ml of ice-cold 0.5M barbitone buffer was added to all tubes (except total 

counts), vortexed for 5 seconds and centrifuged at 300g for 20 minutes. The 

supernatant was aspirated and the pellet washed with 1.0ml of barbitone buffer 

containing 0.05% Tween 20, vortexed for 5 seconds, centrifuged at 300g for 

20 minutes, the supernatant aspirated and the pellet counted for 1 and 5 

minutes.

The method was modified by the stepwise addition of the ’cold’ inhibitors and 

incubation overnight at +4°C, prior to addition of the labelled species to 

increase the binding. The incubation with anti-guinea-pig Ig-cellulose 

conjugate was reduced to 1.5 hours at room temperature, as the binding
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appears to reach saturation and longer incubations did not increase binding. 

2.3.S.2 Specificity ELISA

Microtitre plates were coated with proinsulin and blocked as described in 

2.3.4. Insulin, intact proinsulin, des 31,32 proinsulin and des 64, 65 

proinsulin were diluted in PBS-Tween (range lOOOpmol.L^ to 5pmo.L'^) and 

50/xl added to wells as per template, followed by 200/xl per well of the guinea- 

pig anti-proinsulin sera at a dilution giving an optical density (OD) at 490nm 

of approximately 1.5. The plates were incubated overnight at +4°C, then 

washed three times with PBS-Tween. Excess liquid was removed prior to 

adding 200/xl per well of anti-guinea-pig-IgG-peroxidase conjugate diluted 1 

in 6000 in PBS-Tween. The plates were covered and incubated at room 

temperature for Ih in the dark. After washing 150/xl of OPD substrate was 

added to all wells and the reaction stopped with 2M sulphuric acid after 3 to 

5min. The OD 490 was recorded.

2.3.6 Labelling of polyclonal antibodies

The antibodies were labelled with either or alkaline phosphatase. The 

successfully labelled antibodies were to be employed in future assay 

development studies.

2.3.6.1 Iodination of antibodies

To the lodogen coated tube was added 100/xl of purified antibody (Img.ml 

in PBS buffer. The iodination was initiated with 18.5MBq of incubated 

for 7min, shaking every minute. The reaction was terminated by removing 

the solution and placing in a new tube. The mixture was separated on a 

Sephadex-G25 column equilibrated in PBS, containing 1% BSA, and twenty 

0.5ml fractions were collected. Five /xl of each of these fractions were diluted 

1 in 100 and the cpm of 10/xl of each determined. The first peak of 

radioactivity represented the labelled antibody.

2.3.6.2 Conjugation of antibody to alkaline phosphatase
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A number of methods exist for the modification of functional groups in 

proteins. Many of them employ bifunctional reagents, that is, reagents with 

two reactive groups that are capable of reacting with, and forming bridges 

between, the side chains of certain amino acids in the proteins (Hartman and 

Wold, 1967). Two types of cross-linking reagents are available, the 

homobifunctional reagents (Zaborsky, 1976), in which the two reactive groups 

are identical, and the heterobifunctional molecules, where the two reactive 

groups are directed toward different functional groups and allow the coupling 

and the cross-linking in separate sequential steps.

We used a synthetic heterobifunctional reagent, N-succinimidyl 3-(2- 

pyridyldithio)propionate (SPDP; Fig 2.1; Nilsson et al, 1981). Its N- 

hydroysuccinimide ester group reacts with amino groups and the 2-pyridyl 

disulphide structure reacts with aliphatic thiols.

In the first step, 2-pyridyl disulphide groups were introduced into alkaline 

phosphatase (2.3mol/mol of enzyme; Biozyme, Gwent, UK) and the guinea- 

pig anti human proinsulin antibodies (1.7mol/mol of protein) by SPDP as 

follows (Fig 2.2.1). The proteins were applied to Sephadex G-25 columns 

equilibrated in O.IM sodium phosphate buffer, containing O.IM NaCl, pH 

7.5, to remove low molecular weight material which may react competitively 

with the SPDP. The fraction collected in the void volume was adjusted to 

2.0ml with buffer, and 10^1 of 20mM SPDP in 99.5% ethanol, was added 

dropwise to the stirred protein solution. The reaction mixture was left for 30 

min at room temperature prior to gel filtration on Sephadex G-25 columns.

The modified proteins were stored at +4°C.

The alkaline phosphatase-2-pyridyl disulphide derivative was then converted 

into a thiol derivative by specific reduction of the 2-pyridyl disulphide groups 

with dithiothreitol (lOmM) in sodium acetate buffer, pH4.5, for lOmin. 

Before conjugation the thiol-containing residues were transferred into sodium
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phosphate buffer, pH 7.5, by gel filtration on Sephadex G-25 (Fig 2.2.2 a and 

b).

The alkaline phosphatase-2-pyridyl disulphide derivative (2.6mg; 64nmol) in

1.2 ml of 0. IM sodium phosphate buffer, pH 7.5, containing 0. IM NaCl, was 

mixed with the thiol-containing antibodies (llm g; 6.8nmol) in 0.9ml of 

phosphate buffer, pH7.5. After 20h reaction at room temperature the reaction 

mixture was aliquoted and stored in 50% glycerol in O.IM sodium phosphate 

buffer, pH 7.5, at -\-4°C (Fig 2.2.3).

2.4 Results

The serum from the 7 guinea-pigs (GP1-GP7) initially immunised for the pilot 

study were titrated with either P^^-labelled des 31, 32 proinsulin (GP1-G4) 

or des 64, 65 proinsulin (GP5-GP7). The titre of the antibodies are expressed 

as the dilution that shows 30-40% of the binding of total counts. Results are 

shown in Table 2.2. All the antibodies screened showed titres between 1 x 

10̂  to 1.5 X 10̂ , which established the immunogenicity of the des forms of the 

proinsulin molecules in the guinea-pig and also permitted the establishment of 

a screening assay for future titrations.

Intact proinsulin iodination was attempted using both the Chloramine-T and 

lodogen. The Chloramine-T method yielded antigen with 46% incorporation 

of label into protein and this labelled antigen was used in subsequent screening 

assays which utilised liquid-phase proinsulin. The labelled antigen using the 

lodogen method showed low incorporation, less than 30% in three attempts, 

and the antigen could not be used in the titration assays as it bound very low 

amounts of antibody and led to low titres.

The time-course for the antigen and antisera to achieve optimal binding was 

investigated by varying the incubation period from 4h up to 6 days. The 

overnight incubation was optimal and increasing the time beyond this period 

did not show significant increases in the percentage of maximal bound counts
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(Fig 2.3; Table 2.3). The reproducibility of the titration was checked using 

the overnight incubation and found to be satisfactory over a range of anti-sera 

dilutions (Table 2.4).

The remaining studies were carried out using antisera from guinea pigs GP8- 

GP16. 0.5ml of the antiserum from guinea-pigs (GP8-GP10) was then

purified by applying onto Protein-A-sepharose columns and yields and purity 

assessed (Fig 2.4; Table 2.5). These results were compared to purification 

by DEAE-cellulose ion-exchange chromatography, with 0.5ml of the starting 

material (Table 2.6). Yields and purity of the immunoglobulin fraction 

obtained by the two methods only varied slightly, as assessed by the 

estimation of concentration and visualisation on polyacrylamide gel 

electrophoresis.

The purified immunoglobulin were then titrated with intact proinsulin, both 

in the solid phase and in the liquid phase (Table 2.7). Guinea-pigs 8, 10, 12, 

13 and 15 had high titres when assayed by both the methods and these 

corresponded with the concentrations of immunoglobulin present in each of 

the anti-sera by DEAE (Table 2.6). Of these GP-8 and GP-13 had titres 

around 1x10  ̂and stored immunoglobulin concentrations of over 5mg.

Guinea-pigs 9, 11 and 16 had very inadequate levels of immunoglobulin and 

would not have been of use in subsequent assay development experiments and 

therefore specificities for these immunoglobulin were not ascertained.

The remaining immunoglobulin were labelled with and alkaline 

phosphatase for use in assay development. The antibodies appeared to be 

labelled successfully by gel filtration and further characterisation was to be 

carried out during assay development.

The results from the ELISA to study specificities were inconclusive, and 

therefore not shown.
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The inhibition studies, where the labelled des 64, 65 proinsulin or des 31, 32 

proinsulin were incubated with the immunoglobulins and increasing 

concentrations of unlabelled insulin, intact proinsulin, des 31, 32 proinsulin 

or des 64, 65 proinsulin were added, showed varying results. Of the 

immunoglobulins from those animals immunised with des 64, 65 proinsulin 

one of them bound labelled des 64, 65 proinsulin and it was only partly 

displaced in the presence of unlabelled insulin, intact proinsulin and des 31, 

32 proinsulin at concentrations up to lOOng.ml'  ̂ (GPIO). The other two 

immunoglobulin fractions (GP8 and 12), while not significantly binding 

insulin, were unable to discriminate between the proinsulin-like molecules 

(Table 2.8; Fig2.5).

One of the immunoglobulin fractions (GP16) from the animals immunised with 

des 31,32 proinsulin showed a limited ability to discriminate between the 

immunising molecule and the other antigens studied (Table 2.9).

2.5 Conclusions

The animals were successfully immunised with the des forms of proinsulin, 

suggesting that these molecules give rise to a good immunogenic response in 

guinea-pigs. The purification yielded high concentrations of clean 

immunoglobulin fraction from four of the antisera. The labelling also appears 

to have produced radiolabelled or enzyme labelled antibodies, which may be 

used for detection of the antigen in immunoassays. Only two of the nine 

animals gave rise to antibodies with reasonable specificities that may be used 

as capture or detection antibodies. The specificity ELISA did not work 

probably because the plates had to be coated with intact proinsulin rather than 

the des forms, due to lack of adequate amounts of these antigens, and these 

may have only captured the non-specific antibodies within the polyclonal 

mixture.

The purification methods used were to separate the total immunoglobulin 

fraction from the other serum proteins, rather than the fraction that bound
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specifically with the antigen. Due to restraints on the amount of antigen 

available it was not possible to do antigen-specific affinity purification, 

therefore all yields are of total immunoglobulin, of which only a small 

proportion would have been proinsulin specific. This might explain the 

disappointing results from the specificity ELISA.

Some of the volumes used in the screening assays could have been 

standardised, for example plates were coated with 200^1 of antibody and only 

150/il of substrate was added. If these conditions were to be further optimised 

higher titres may have been achieved.

The results from this study, where 20% of the antibody raised showed a 

reasonable degree of specificity to the immunising antigen, were intriguing 

enough to want to try the guinea-pig as the host in further herterohybridoma 

studies. This would then overcome the limitations of polyclonal antibodies 

raised in a small host such as the guinea-pig as well as ensuring a prolonged 

supply of antibodies with the specificities of interest.
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Table 2.1 : Bacterial Protein A binding activities of inununoglobulins:

Animal Immunoglobulin Protein-A

Mouse IgGl ±

IgG2a -1-

IgG2b -H

IgG3 -

IgM -

IgA -

IgE -

Rabbit IgG —

Rat IgGl ±

IgG2a -

IgG2b -

IgG2c -H

Cat IgG +

Chicken IgG -

Cow IgGl -

IgG2 4-

Dog IgG 4-

Goat IgGl -

IgG2 ±

Guinea-pig IgG 4-

The protein-A binds to the Fc portion and so the interaction varies between 

species, and classes and subclasses within a species.
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Table 2.2: Screening of ear-bleeds from guinea-pigs 1 to 7 : Pilot Study

Animal Antigen

des 31,32 proinsulin des 64,65 proinsulin

gp-l 5 X 1(F -

gp-2 6 X ICP -

gp-3 1 X 10* -

gp-4 1.5 X 1(P -

gp-5 - 6 x  1(P

gp-6 - 4 X Itf

gp-7 - 8 x  10’

Guinea-pigs 1-4 were immunised with des 31,32 proinsulin and screened with P^^-labelled des 31,32 proinsulin. 

Guinea-pigs 5-7 were immunised with des 64, 65 proinsulin and screened with P^^-labelled des 64,65 proinsulin
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Table 2.3; Time course experiments: Results shown for 1 anti-serum (others similar)

Incubation length %0 %NSB %MB Dilution of ( 

sera at 40% 

of MB

4 hr @ RT <1 4 78 5.5 X 10"

0/N  @ -H4°C <1 <1 86 7.7 X 10"

2 Day @ +4®C <1 2 84 8.7 X 10"

3 Day @ 4-4^C <1 3 85 9.0 X 10"

5 Day @ 4-4®C <1 <1 91 9.6 X 10"

6 Day @ 4-4°C <1 1 88 1.0 X 10"

MB - maximal binding

NSB - binding of non-immune guinea-pig serum 

0 - binding of assay buffer
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Table 2.4: Overnight incubation for screening assay - reproducibility

% of MB % of TC

MB - maximal binding 

TC - total counts

Antisera

dilution

1st assay 2nd assay 1st assay 2nd assay

1(P 100 100 82 86

2 x  10" 86 88 71 76

4 x  10" 57 59 47 51

6 x  10" 38 40 32 35

8x10" 30 31 27 25

10̂ 23 21 20 21
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Table 2.5; Protein A-sepharose purincation

Antisera Elution vol (ml) Cone (mg.ml ) Total yield from

0.5ml (mg)

GP8

GP9

GPIO

1.7 

2.9

2.7

1.1

0.9

0.9

1.8

2.6

2.0

Only three of the antisera from the study were purified by affinity chromatography on protein-A sepharose columns
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Table 2,6 : Protein concentrations after DEAE Sephadex purification: modified Lowry method

Antisera Cone. (mg.nd ‘) Total yield from 0.5ml 

(mg)

GP8 2.7 2.3

GP9 1.0 0.6

GPIO 2.0 2.8

GPU 0.6 0.2

GP12 2.6 1.2

GP13 1.6 1.9

GP14 1.5 1.3

GP15 1.7 2.0

GP16 1.4 0.3
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Table 2.7; Titration of antisera using intact proinsulin in the liquid and
solid phase:

Dilution

Titres 1x102 1x10% 1x10^ 5x10^ 1x10^ 1x10* IxBf

Anti des GP8:0D 2.22 1.18 0.85 - 0.53 0.35 0.23

64,65 PI count 4818 3883 1912 869 611 - -

GP9:0D 0.26 0.13 0.09 - 0.07 0.06 0.05

count 501 425 418 392 385 - -

GPlOrOD 1.11 0.55 0.37 - 0.24 0.15 0.09

count 4783 3068 946 583 485 - -

GP11:0D 0.43 0.24 0.17 - 0.10 0.07 0.06

count 946 615 446 413 438 - -

GP12:OD 1.12 0.59 0.39 - 0.24 0.16 0.11

count 1243 568 459 438 430 - -

Anti des GP13:OD 2.02 1.28 0.89 - 0.56 0.35 0.21

31,32 PI count 3026 1644 654 567 449 - -

GP14:0D 1.02 0.56 0.35 - 0.21 0.16 0.09

count 933 551 442 422 432 - -

GP15:0D 0.73 0.41 0.30 - 0.21 0.15 0.10

count 3558 1587 631 448 462 - -

GP16:0D 0.16 0.11 0.10 - 0.09 0.08 0.06

count 479 417 431 442 389 - -

Blank OD:0.05NSB counts:417 (non-immunised guinea-pig serum)
Zero counts:426 

Total counts:20021 
The counts were obtained from the radioimmunoassay with labelled proinsulin. 
The OD at 490 nm was obtained from the ELISA using proinsulin control 
plates.
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Table 2.8: % Inhibition of binding of des 64,65 with ’cold’

inhibitors: animals immunised with des 64,65 PI

Animal Inhibitor Ing/ml lOng/ml l(Png/

ml

l(Png/ml IO'*ng/ml

GP8 Des 64,65 PI 90 94 97 98 98

Des 31,32 PI 75 84 91 96 97

Insulin 79 85 88 93 96

Intact PI 63 84 92 97 -

GPIO Des 64,65 PI 96 91 95 98 98

Des 31,32 PI 33 42 63 84 94

Insulin 1 15 27 56 88

Intact PI 39 48 75 79 -

GP12 Des 64,65 PI 92 95 98 98 98

Des 31,32 PI 81 87 93 96 98

Insulin 77 80 84 89 95

Intact PI 73 90 94 96
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Table 2.9; % Inhibition of binding of des 31,32 with ’cold’

inhibitors: animals immunised with des 31,32 PI

Animal Inhibitor 1

ng/ml

10 ng/ml 10  ̂ ng/ml 10  ̂ ng/ml lO'* ng/ml

GP13 Des 31,32 PI 95 92 91 99 96

Des 64,65 PI 78 90 92 94 94

Insulin 65 90 94 92 90

Intact PI 68 79 89 90 92

GP14 Des 31,32 PI 90 92 99 96 94

Des 64,64 PI 90 88 92 93 91

Insulin 68 86 89 89 90

Intact PI 90 89 94 93 94

GP15 Des 31,32 PI 97 99 98 90 90

Des 64,65 PI 80 90 92 91 90

Insulin 40 58 63 93 94

Intact PI 88 89 89 91 91

GP16 Des 31,32 PI 99 90 98 90 90

Des 64,65 PI 49 55 67 75 80

Insulin 20 36 48 70 74

Intact PI 58 60 71 79 83
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Figure 2.1
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP)

Molecular weight 312.4 
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Figure 2.2.1
Introduction of 2-pyrldyl disuiphide groups into 
alkaline phosphatase and antibodies
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Figure 2.2.2 a)
Specific reduction of protein bound 2-pyridyl 
disuiphide groups by dithiothecitoi
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Figure 2.2.2 b)
Specific reduction of protein bound 2-pyridyi 
disuiphide groups by dithiothecitoi
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Figure 2.2.3
Alkaline phosphatase-antibody conjunction by N-succinimidyl 3-(2-pyridylthio)propionate
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Figure 2.3:
Time course experiments
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Figure 2.4:

Inhibition of binding of labelled des 64,65 PI to antiserum with "cold" insulin-like 
molecules
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CHAPTER 3

Guinea-pig-mouse heterohybridomas and mouse-mouse hybridomas to

proinsulin
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3.1 Introduction

The ability to produce stable immunoglobulin secreting hybridomas was first 

described in 1975 (Kohler and Milstein, 1975). Since then the impact of 

monoclonal antibodies on the biological, biotechnological and clinical sciences 

has been immense. Hybridoma technology offers distinct advantages over 

polyclonal antibodies; it allows for (i) large scale in vitro cell culture, (ii) 

production of a monospecific monoclonal immunoglobulin removed from most 

contaminating serum proteins and (iii) easier preparation of a homogenous, 

sterile, pyrogen-free clinical product, for therapeutic use.

3.1.1 Hybridoma technology

The Milstein and Kohler technique produces ’immortal’ clones of cells making 

single antibody specificities by fusing normal antibody forming cells with an 

appropriate B-cell tumour line. Therefore, mice immunised with an antigen 

develop spleen cells making antibodies to specific epitopes on the antigen, 

which appear in the serum. The spleen is removed and the individual cells 

fused in polyethylene glycol with constantly dividing, immortal, B-tumour 

cells selected for a purine enzyme, hypoxanthine guanine phosphoribosyl 

transferase (HGPRT) deficiency, and also often for their inability to secrete 

immunoglobulin. The basis of this selection involves a ’salvage’ pathway for 

DNA synthesis (Fig 3.1). Most cells can make DNA by de novo synthesis or 

via an alternative ’salvage’ pathway, using endogenous or exogenous source 

of preformed bases. Cells are grown in the presence of a lethal purine 

analogue 8-aza or 6-thioguanine dye, until HGPRT deficient mutants arise. 

These mutants are ’immortal’ but can only synthesize ribonucleotides by de 

novo synthesis and not by the salvage pathway. The tumour ’parent’ used in 

the hybridoma techniques are HGPRT deficient and so are unable to grow in 

HAT (hypoxanthine, aminopterin, thymidine) medium. HAT contains a folic 

acid analogue aminopterin which blocks de novo synthesis and these cells are 

unable to use hypoxanthine and so die. The hybrid cells can grow in HAT 

medium because DNA from the normal partner provides the information to 

synthesise HGPRT and the tumour cell DNA provides the ’message’ for

79



unrestricted proliferation (Fig 3.2).

In this technique many cells show cytoplasmic fusion and a lower proportion 

complete the nuclear fusion required to produce tetraploid hybrids. Although 

this procedure results in a heterogenous mixture of fused and unfused cells, 

plasmacytoma cells tend to ’rescue’ large, recently activated B lymphocytes. 

After dispensing the hybridoma mixture into culture wells, the selective 

medium positively selects for the fusion hybrids. The culture supernatants are 

then tested for antibody activity after 1 -3  weeks and positive cultures cloned 

by conventional cell cloning techniques.

3.1.1.1 The plasmacytoma line for fusion

P3/X63-Ag8 is an 8-azaquanine-resistant subline of the plasmacytoma MOPC 

21, induced in a BALB/c mouse by the injection of mineral oil. This cell line 

is special in that it tends to fuse spontaneously and can grow at very low cell 

densities, thus facilitating the recovery of fusion hybrids. However, this line 

has the disadvantage that it synthesizes and secretes the MOPC 21 myeloma 

protein and so hybrid cells will secrete myeloma and antibody molecules, as 

well as inactive hybrid molecules. Spontaneous variants of P3/X63-Ag8 have 

been selected that neither secrete nor synthesize immunoglobulin molecules, 

but still retain the ability to rescue normal antibody-producing cells. P3/X63- 

Ag8.653 is a variant that does not synthesize or secrete immunoglobulin 

chains.

3.1.2 Heterohybridomas

Much of the progress and use of hybridoma technology has been limited to 

rodents due to the lack of suitable myeloma cell lines in other species. There 

have been attempts to generate monoclonal antibodies in other species by 

fusing lymphocytes from the species of interest to a mouse myeloma line 

(Yarmush et al, 1980; Tucker et al, 1981; Murphy et al, 1986). However the 

efficiency of generating hybrids is low and of those that do grow only a few 

secrete specific antibody and they appear to do so for only a short period of
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time. Several studies have been reported on techniques to improve the fusion 

efficiency and stability of these heterohybridoma cell lines (Flynn et al, 1989; 

Verbanac et al, 1993; Capparelli et al, 1990). Reports have shown that these 

problems can be reduced by back-fusing lymphocytes from the species of 

interest to an already generated, aminopterin-sensitive, heterohybridoma 

(Anderson et al, 1987; Groves et al, 1987). The secondary hybridomas thus 

generated appear to be more stable in tissue culture, they live longer and 

secrete antibody for longer periods of time and at higher concentration. 

Another study discusses the development of a suitable aminopterin-sensitive 

sheep/mouse heterohybridoma fusion partner for the routine production of 

sheep monoclonal antibodies (Flynn et al, 1989). The report also evaluated 

the source of lymphocytes used as fusion partners by taking cells from efferent 

lymph, lymph nodes or peripheral blood. They showed that lymphocytes 

prepared from either efferent lymph or lymph node on the fourth day 

following antigenic stimulation have high fusion efficiencies, and both were 

vastly superior to peripheral blood lymphocytes. It is suggested that blast 

cells present in lymphoid tissues due to antigenic stimulation were the main 

cell types involved in the generation of viable antibody-secreting sheep x 

sheep X mouse heterohybridomas.

In a study describing the development of rabbit-mouse hybridoma cell lines 

(Yarmush et al, 1980) hybrids were obtained by fusion of rabbit lymphoid 

cells with the following mouse myeloma lines: P3/X63-Ag8 (Kohler and 

Milstein, 1975), 45.6TG1.7 (Weitzman et al, 1976), P3-NS-I-Ag4-l (Kohler 

and Milstein, 1976), P3/X6-Ag8UI (Yelton et al, 1981) and SP2/0-Agl4 

(Kohler et al, 1978). Yields of hybrids and of hybrids secreting antibody 

were highest when P3/X63-Ag8UI was used, P3/X63-Ag8, 45.6TG1.7 and 

P3-NS-l-Ag4-l gave intermediate results and SP2/0-Agl4 showed the lowest 

frequency. Also a comparison of peripheral blood lymphocytes, lymph node 

cells and spleen cells showed that the relative frequencies of secreting hybrids 

were significantly lower with peripheral blood lymphocytes or lymph node 

cells than with spleen cells.
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One of the major drawbacks to the production of heterohybridomas has been 

the instability of the other species’ chromosome in the fused cell (Kuo et al, 

1985). The inclusion of normal rabbit serum in the heterohybridoma culture 

medium has been reported to increase the number of cultures secreting 

specific antibody as well as the stability of antibody secretion upon subcloning 

(Raybould and Takahashi, 1988). They report that hybridoma stability, ie the 

retention of rabbit immunoglobulin chromosomes and/or the ability to produce 

secretory rabbit immunoglobulin, appears to be dependent on some undefined 

factors present in normal rabbit serum.

3.1.3 Administration of antigen

Although the above outlined modifications have increased the fusion 

frequencies, the other major parameters determining the successful outcome 

of a fusion is the expansion of clones of B lymphocytes secreting specific 

antibody prior to removal from the immune mouse. The route of 

administration and distribution of antigen will determine the microenvironment 

in which the antigen interacts with antigen presenting cells, B and T cells 

(Basten et al, 1977). Since subsets of B and T cells inoculate through 

preferred microenvironments, the major part of an immune response to 

antigen may well occur at one particular site in preference to another, eg 

spleen or lymph node, leading to an enrichment of B cells of interest. The 

use of cells from such a site may enhance the quality of a fusion. A study 

comparing different fusion protocols based on three different routes of 

administration of antigen (footpad, intradermal and subcutaneous) and two 

different sources of lymphocytes (lymph node and splenic) as fusion cells, 

with insulin as the antigen and following a single injection, shows that the 

major portion of B cells producing the immune response to insulin was 

localised in the lymph node after footpad immunisation and that the quality of 

a fusion could be enhanced by using lymph node cells (Mirza et al, 1987).

The site of administration of an antigen affects its route of lymphatic drainage 

and this in turn will determine the site at which antigen-presenting cells
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process it (Basten et al, 1976). Additionally, the microenvironment in which 

the antigen presenting cells actually present antigen to lymphocytes may 

determine which subsets of lymphocytes are activated (Balfour et al, 1981).

Antigen presenting cells in the spleen and lymph nodes differ in that unlike 

spleen B cells, lymph node cells play an essential role in the activation of T 

helper cells (Janeway et al, 1987). Thus, it is likely that a greater degree of 

specific Ty-B cell collaboration results from the intimate contact that occurs 

between these cells in the lymph node, as compared to the spleen. The lymph 

node microenvironment may thus represent an enriched source of cells 

secreting antigen-specific antibody. T cells isolated from lymph nodes at the 

peak of the primary immune response induce greater help than splenic T cells 

for in vitro antibody formation by splenic B cells from mice that have been 

primed and boosted with antigen intraperitoneally (Jensen and Kapp, 1984), 

thus suggesting that lymph node T cells, highly enriched for helper activity, 

may be responsible for the differences reported. Enlarged popliteal and 

inguinal lymph nodes, as seen with hind footpad immunisation, produced 

better fusion efficiencies than hind leg intradermal immunisations. Since there 

was no gross swelling or ulcerations of the footpads reported after plantar 

immunisations and the mice were not incapacitated in any way, this technique 

may be used to enhance the production of antigen specific monoclonal 

antibodies (Mirza et al, 1987).

Other routes of immunisation, especially when limited amounts of antigen are 

available, include in vitro immunisation of splenic cells (Reading, 1986; 

Erkman et al, 1987; Gratecos et al, 1987), single-shot intrasplenic 

immunisation (Thorpe et al, 1986) and an abdominal lymph node 

immunisation technique (Raymond and Suh, 1986).

Intrasplenic immunisation was introduced by Nilsson et al (Nilsson et al, 

1987). They showed that a total amount of about 80ng of bovine serum 

albumin dispersed in four depots, with the antigen immobilised on activated
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sepharose beads, resulted in serum antibodies (Nilsson et al, 1987). It is 

easier to obtain an antibody response using minute amounts of immunogen by 

the intrasplenic route than by the intraperitoneal or intravenous routes 

(Larsson and Nilsson, 1988; Ambrosius and Schenderlein, 1986). An 

antibody response was also obtained when the immunogen was immobilised 

on nitrocellulose paper as a carrier for immunisation (Nilsson et al, 1987; 

Larsson and Nilsson, 1988). The success of intrasplenic immunisation seems 

to be due to the deposition of the immunogen directly into the spleen, thus 

avoiding the losses associated with systemic injections, and to immobilising 

the immunogen within the spleen, thus prolonging its exposition to the 

antigen-presenting cells. A requirement of the technique is that no toxic or 

irritating additive is used within the spleen, since this would affect spleen cell 

function. The choice of matrix for intrasplenic immunisation depends on the 

type of antigen and on the way in which the antigen can be recovered (Nilsson 

and Larsson, 1990).

In 1978, Hengartner et al reported the first use of spleen cells sensitised in 

vitro and fused with myeloma cells to lead to specific monoclonal antibody 

production (Hengartner et al, 1978). Since then, this system of immunisation 

in culture has been used to produce monoclonal antibodies to several highly 

conserved proteins (Pardue et al, 1983). The main attraction of this route of 

immunisation is its ability to produce antibodies to ’self antigens which are 

not produced in vivo due to suppression or tolerance. Two major culture 

systems were described for initiation of primary immune responses in vitro 

(Mishell and Dutton, 1966, 1967; Marbrook, 1967). Modifications of these 

original systems have also been reported (Schreier and Lefkovits, 1979). The 

nutritional aspects of the culture systems have also been improved and the 

serum source identified as the single most important aspect of the medium 

(Shiigi and Mishell, 1975). All of the different aspects of this technique and 

its modifications have been reviewed by Reading (Reading, 1982).

3.2 Aims of the Study
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The aims of this study were to following immunisation in vitro, 

intrasplenically and via the rear footpad:

(i) attempt to produce a guinea-pig x mouse heterohybridoma which

secretes antibodies to human proinsulin,

(ii) to look at the same routes of immunisation outlined above, in mice, 

to produce mouse x mouse hybridomas with varied specificities.

(iii) to raise antibodies to the des forms of proinsulin using the optimal 

routes of administration of the antigen and conditions for producing 

a viable and secreting hybridoma or heterohybridoma.

3.3 Methods

Guinea-pigs were immunised by one of 3 routes and a fourth approach was to 

perform in vitro spleen cell immunisation. Intact proinsulin, as the antigen, 

was used for all three routes, intrasplenic, footpad and subcutaneous, while 

the des 31,32 and des 64, 65 proinsulin were only used in footpad 

immunsation. Regardless of route of immunisation fusion was attempted with 

splenic lymphocytes (subcutaneous, intrasplenic and in vitro immunisations) 

or popliteal lymphocytes (footpad immunisation). The same protocol was 

repeated with footpad immunisation in mice.

3.3.1 Guinea-pig as the host:

A total of seven female guinea-pigs, 400-450g, 12-16 weeks old (Biological 

Services, UCL, London, UK) were used in the following studies.

3.3.1.1 Footpad immunisation

One of the animals was sacrificed to locate the popliteal and inguinal lymph 

nodes (Fig 3.3). The animal was injected in the rear footpad with a 5% 

solution of pontamine sky blue dye in distilled water. This allowed the nodes

to be easily identified. The popliteal nodes were visible embedded in fat just

above and behind the knee joint. The popliteal and inguinal lymph nodes and 

spleen were removed and placed in separate petri dishes containing 2 .0ml of
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culture medium (RPMI 1640; Moore et al, 1969; Life Technologies, Paisley, 

UK). The organs were teased apart using fine forceps and filtered through a 

fine, autoclaved, nylon gauze, wetted with a few drops of tissue culture 

medium, to remove the connective tissue capsule. The cell suspension was 

dispersed by aspiration with a pasteur pipette. The cells were also incubated 

for 48h in media with and without penicillin to check for penicillin sensitivity 

of guinea-pig cells. The growth of cells in guinea-pig serum instead of horse 

or foetal calf serum was also ascertained. The cells were examined 

microscopically and by cell count to check for differences in growth.

Two guinea-pigs were injected with 25/tg of intact proinsulin in complete 

Freund’s adjuvant per hind footpad.

3.3.1.2 Conventional immunisation;

The remaining four guinea-pigs were immunised sub-cutaneously with 30- 

40/ig of intact proinsulin in RiBi adjuvant (Sigma Chemical Co., Poole, 

Dorset, UK). This adjuvant system is a stable oil-in-water emulsion which 

has been used as an alternative to the conventional Freund’s water-in-oil 

emulsion. The adjuvant is composed of Monophosphoryl Lipid A (MPL), a 

highly refined, non-toxic Lipid A isolated from re-mutants of S.minnesota 

and the synthetic Trehalose Dicorymycolate (TDM), an analogue of trehalose 

dimycolate from the cord factor of the tubercle bacillus in 40/xl of squaline 

and 0.2% Tween 80 in water. This MPL 4- TDM emulsion has been 

recommended for use in mice and guinea-pigs. The RiBi was reconstituted 

by placing in a water bath at 40 - 45°C for 5-lOmins and adding 1ml of saline 

by injecting directly into the vial using a syringe fitted with a 20 or 21 gauge 

needle. The vial was vortexed vigorously for 2-3min to form an emulsion. 

The reconstituted adjuvant was stored at -l-4°C for up to 60 days.

For immunisation one aliquot of the antigen, lOO^g per l(X)/xl of saline, was 

thawed and diluted to 500/d with saline. The diluted antigen was mixed with 

500/d of the RiBi emulsion warmed to 37°C and vortexed briefly. Each of the
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animals received a 0.5ml dose, 0.2ml at 2 sites sub-cutaneously and 0 .1ml in 

one site intraperitoneally.

Ear-bleeds were obtained from the animals 24 - 28 days after immunisation. 

The anti-sera were screened on proinsulin-coated plates for specific antibody 

production (screening assay as per chapter 2).

3.3.1.3 In-vitro immunisation of guinea-pig spleen cells

One of the animals that screened positive for antibody production in the ear- 

bleeds was sacrificed by COg inhalation and the spleen removed for in-vitro 

immunisation. Spleen cells were counted after staining with Trypan Blue with 

a Neubaur haemocytometer, prior to the in-vitro immunisation to test the 

effect of the primary immunisation as compared with a non-immunised as well 

as the subsequent in-vitro immunisation.

3.3.1.3.1 Preparation of in-vitro culture medium

Complete medium consisted of RPMI 1640, containing ImM sodium pyruvate, 

2mM L-glutamine, 5mM HEPES buffer and 50mM 2-mercaptoethanol and 

supplemented with 15% foetal calf serum plus 5% horse serum. Antibiotics 

were added to this prior to use.

Under aseptic conditions, the thymus from a non-immunised 14 day guinea-pig 

was gently removed. The gland was teased in 2ml of media, using fine 

forceps. The cells were recovered by filtering through sterile gauze and the 

cell debris discarded. The cells were centrifuged and washed twice.

Normal guinea-pig peritoneal macrophages were obtained by killing a non- 

immunised guinea-pig and injecting 80ml of tissue culture medium into its 

peritoneal cavity. The abdomen was kneaded gently to bring the cells into 

suspension. The abdominal skin was opened exposing the peritoneum and 

with the animal rolled on to its side, the medium was aspirated using a syringe 

with a 21 gauge needle. The peritoneal exudate cells were collected by

87



centrifugation, 150g for 10min at room temperature, using siliconised glass 

tubes. Both thymocytes and macrophages were suspended in 50ml of 

complete medium. The cells were incubated for 24h at 37°C in a 5% CO2 

incubator. The culture medium was centrifuged, cells discarded and the 

supernatant saved. This culture, thymocyte-macrophage conditioned medium 

was stored frozen at -20°C for upto 4 weeks.

3.3.1.3.2 In-vitro sensitisation

The spleen was removed from the pre-immunised guinea-pig. 2ml of RPMI 

1640 medium was pipetted into a petri dish and the spleen teased apart, using 

forceps. This procedure took several minutes. The cell suspension was 

layered onto 20ml of RPMI 1640 in a sterile universal bottle and centrifuged 

at 1000 rpm for lOmin. The supernatant was aspirated and the cells tapped 

loose. One ml of red blood cell lysing buffer was added, shaken gently for 

one minute and placed into 20ml of RPMI 1640 in a universal bottle and 

mixed thoroughly. The spleen cells were counted and diluted to about 1 x 10* 

cells. The cell suspension was spun at 180g for 10 min, supernatant aspirated 

and the cells tapped loose. Ten ml of the thymocyte-macrophage conditioned 

medium was added and mixed with a pasteur pipette, removing any clumps. 

The spleen cell suspension was then added to the remaining (40ml) of 

conditioned medium in a filter flask. The intact proinsulin was prepared by 

adding it to 5ml of RPMI 1640 in a bijou bottle, taking it up in a syringe and 

passing it through an Anotop 10 (0.2 m; All Tech Associates, Cam Forth, 

Lancs, UK) sterile disposable filter into a second bijou bottle. The 

immunogen was added to the filter flask, containing the spleen cells in 

conditioned medium, and incubated for 3 - 4 days.

3.3.1.3.3 In-vitro spleen fusion

Polyethylene glycol (PEG) preparation:

Five ml of RPMI 1640 was warmed to 3TC in a waterbath. Five ml of PEG 

(MW3000 - 3700; Sigma Chemical Co, Poole, UK), was placed in a sterile 

glass universal bottle and autoclaved on a lOmin cycle. When the temperature
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dropped to 80°C the PEG was removed, with gloves, to a fume hood. Using 

a glass pipette the 5ml of RPMI was added to the PEG and mixed thoroughly. 

Ten X 1ml aliquots were pipetted into bijoux bottles. To each aliquot one 

drop of sterile O.IM sodium hydroxide was added to each aliquot, a slight 

pinkish colour was observed. The pH of one of the aliquots was checked.

Two days prior to the fusion the mouse plasmacytoma cell-line JK-Ag8.653 

were seeded on two 50ml flasks. One of the flasks containing complete 

medium supplemented with 15 % foetal calf serum (PCS) and 5 % horse serum, 

while the other contained 15 % guinea-pig serum and 5 % horse serum. On the 

day of the fusion the normal and ’conditioned’ JK cells were trypsinised and 

washed and ready for use.

The in-vitro immunised spleen cells were centrifuged at 180g for lOmin, 20ml 

RPMI added and mixed carefully. The spleen cells and the JK cells were 

counted and the volume of the JK cells required for a 4:1 ratio worked out. 

The spleen cells and the JK cells were spun separately at 180g for lOmin. 

The spleen cell supernatant was aspirated, cells tapped loose, 10ml RPMI 

added, mixed and allowed to stand. The JK cells were aspirated, tapped 

loose, 20ml RPMI added and mixed carefully. The JK cells were spun at 

lOOOrpm for lOmin, aspirated and cells tapped loose. Ten ml of RPMI was 

added to the JK cells and mixed thoroughly with a pipette, transferred to the 

universal containing the spleen cell suspension and mixed thoroughly. The 

cells were spun at 180g for lOmin, aspirated and tapped loose. One ml of 

polyethylene glycol, prepared as described above, was added dropwise with 

gentle shaking over 1 min. The shaking was continued for a further minute. 

One ml of RPMI was added over 4 min with gentle and continuous shaking. 

The universal bottle was capped and gently inverted 3 times, and spun at 150g 

for 8min. The supernatant was aspirated and 10ml of the complete medium 

containing 10% guinea-pig serum and 10% ECS, was added, swirled gently 

and cells clumps broken up with a pasteur pipette. The universal was left to 

stand in the 37°C, 5% CO2 incubator for 3-4h.
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The ’feeder’ layer constituted 10% macrophage-thymocyte media in complete 

media containing HAT. This media was pipetted into 3-5 96-well microtitre 

plates at 100/xl per well and ’conditioned’ in the incubator for 3-4h. At the 

end of the incubation 10ml of the fusion products were transferred to a sterile 

glass bottle containing 15 ml of complete medium and 25 ml of complete 

medium with 2 x HAT. The solution was mixed gently and 100^1 per well 

pipetted onto the plate containing the feeder layer. Row H of the last plate 

contained only JK cells at the concentration used in the fusion.

The fusion was checked daily. After 4 days most of the JK cells were dead 

in the HAT medium and hybridomas visible. After 4-5 days lOOjul of the 

medium was replaced with 100/d of fresh complete medium plus HAT. The 

supernatant were tested for specific antibody production after 7-8 days.

3.3.1.3.4 Intrasplenic immunisation

Two of the remaining guinea-pigs had a further secondary immunisation at the 

same dose as in the primary injection. Following this 2/ig of intact proinsulin 

in saline was pipetted onto a circular disc (2-3mm) of nitrocellulose paper and 

air dried. The paper was then inserted into the animal as follows. The 

animal was anaesthetized with Mebumal and supported with ether (Nilsson et 

al, 1987) and Atropine given subcutaneously before surgery. The area was 

shaved and dampened with ethanol and a cutaneous incision of about 10mm 

was made along the left mid-scapular line followed by incision of the 

peritoneum. The tail of the spleen on its fat pad was carefully teased out from 

the peritoneal cavity with the blood supply intact. The antigen absorbed by 

nitrocellulose paper was transferred to the animal through a small slit in the 

spleen capsule, made with the edge of an injection needle. One piece of 

nitrocellulose paper, handled with forceps, was inserted into the spleen 

through the slit and moved distally until it became completely embedded in the 

splenic tissue. After the intrasplenic deposition of antigen, the spleen was 

replaced and the abdominal wall and the skin sutured separately.
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3.3.2 Mouse as host

BALB/c mice, 6 to 8 weeks (Biological Services, UCL, London, UK), were 

used in the following immunisations.

3.3.2.1 Footpad immunisations

The immunisation was carried out as described for the guinea-pig. 35/zg of 

intact proinsulin in complete Freund’s adjuvant prepared as above (Section 

3.3.1.1) was injected per hind footpad in two animals. The animals were 

sacrificed 11 days after the injection and the popliteal and inguinal lymph 

nodes and the spleens removed. The fusion was carried out essentially as 

described for the guinea-pig fusions.

Four BALB/c mice were also injected with 35^g of the des forms of 

proinsulin in incomplete Freund’s adjuvant, 2 of the animals with des 31,32 

proinsulin and 2 with des 64, 65 proinsulin.

3.3.2.2 In vitro immunisation

An in vitro immunisation kit was used for this (Cel-Prime system: Immune 

Systems Ltd., Westbury-on-Trym, Bristol, UK). The kit uses the 

plasmacytoma cell-line, SP2/0-Agl4. The in vitro immunisation process was 

carried out in three stages (Fig 3.4). Firstly, a monolayer of support cells 

was established and primed with the antigen. Secondly, a suspension of 

spleen cells was prepared and finally, these were incubated in the 

immunisation medium with the antigen and the pre-primed support cells. The 

immunisation step was carried out, undisturbed for 3-4 days. The kit supplied 

all the ingredients required for the immunisation, except for the antigen and 

non-immunised spleen cells.

1. Priming of the support cell monolayer:

One bottle of the supplied support cell medium was thawed at room 

temperature. Five ml of this medium was pipetted into a 25cm^ flask. One 

vial of support cells was rapidly thawed in hot running tap water and the cells
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pipetted into the flask aseptically. The flask was capped and placed in an 

incubator, 37° C, 5% CO2/95 % air atmosphere, undisturbed for 24h.

At the end of the incubation the medium from the flask was removed, 

discarded and replaced with 5ml of fresh support cell medium. 20^g of intact 

proinsulin was dissolved in 0.2ml of the splenocyte medium and added to the 

flask. The flask was capped and returned to the incubator for a further 48h.

2. Preparation of splenocytes:

One bottle of splenocyte medium and one flask of immunisation medium was 

allowed to thaw at room temperature. The spleen from a non-immunised 

BALB/c mouse was removed and placed in a petri dish containing 5 ml of 

splenocyte medium. Using forceps the spleen was gently teased apart into 

small pieces, forming a crude suspension. The crude suspension was passed 

through sterile gauze to remove the cell debris and the cell suspension pipetted 

into a centrifuge tube and spun at 550 x g for 5 minutes.

3. Immunisation:

The flask of support cells was removed from the incubator and the old 

medium discarded. 5ml of fresh medium was added to rinse the cell 

monolayer and this also discarded. The remaining 25ml of immunisation 

medium was then added to the flask. A further lO îg of intact proinsulin in 

0.3ml of medium was added to the flask. The flask was capped and left 

undisturbed for 3-4 days.

Cell fusion:

The feeder layers were prepared by mixing 10ml of hybridoma growth 

supplement with each of 2 x 100ml bottles of HAT growth medium. 0.5ml 

of this medium was pipetted into each well of 8 x 48 well plates and placed 

in an incubator. The cells from the splenocyte suspension from the in vitro 

immunisation were pelleted at 550 x g for 5minutes. The supplied myeloma 

cells were counted and 1 x 10̂  cells added to the pelleted splenocytes. The

92



mixed cell pellet was washed three times with the splenocyte medium. The 

final pellet was resuspended in 0.8ml of PEG fusion medium. A timer was 

started while mixing gently. At 75 seconds 0.5ml of HAT medium was 

added, and further 1.0ml aliquots added at 2min, 3min, 4min and 5ml at 

5min. The cells were centrifuged at 100 x g for 5min and gently resuspended 

in 5.0ml of plating medium. This cell suspension was mixed with the 

remaining medium and left to stand for 15min at room temperature. The cell 

suspension was then added dropwise to the 48 well plates containing the 

hybridoma growth supplement. The plates were returned to the incubator and 

left undisturbed for 12 days.

After 12 days the plates were examined microscopically and hybrid clones of 

about 3mm in diameter were visible. The supernatant was removed and 

assayed for antibody activity and the positive wells sub-cultured within 2 - 3  

days.

3.3.3 Screening of hybridomas

The supernatant were screened by three different assay formats. Firstly, they 

were screened with proinsulin in the solid phase. Intact proinsulin was coated 

on Immunlon 1 or Immunlon 2 microwell strips (Dynatech, UK) at 2/ig.mU 

in O.OIM Tris/IM HCL, pH 9.0, overnight at 4-4°. Plates were blocked with 

O.OlMTris, pH8.0 containing 1% bovine serum albumin, for Ih at 37°C. 

Fifty fil of supernatant was added to the wells and incubated for 2h at room 

temperature or overnight at 4-4°C. The plates were washed and the Immunlon 

1 plates detected with anti-mouse IgG labelled with Ih at room 

temperature, plates washed and the counts per individual wells recorded 

(gamma counter; NE1600). The Immulon 2 plates were detected with anti

mouse polyvalent IgG, A, M antibody conjugated to horse radish peroxidase, 

(Sigma Chemicals Co, Poole, Dorset, UK) lOO/xl per well, Ih at room 

temperature. After the incubation the plates were washed and 150^1 of o- 

phenylenediamine and hydrogen peroxide (OPD 4- H2O2) substrate in 0. IM 

citrate buffer, pH 5.0, added to all wells. The colour development was
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allowed to proceed for 10 to 20 min, stopped with lOOjLtl of 3M H2SO4 and the 

optical density at 490nm recorded.

The second format was using proinsulin in the liquid phase. labelled 

proinsulin (prepared as described in Chapter 2, Section 2.3.3.1) was incubated 

with the supernatant for 2h at room temperature or overnight at +4°C. The 

antigen-antibody complex was detected with anti-mouse or anti-guinea-pig IgG 

labelled to cellulose beads, Ih at room temperature. The pellets were washed 

twice with distilled water and the radioactivity counted.

1̂25 labelled des 31,32 proinsulin or des 64, 65 proinsulin (Chapter 2: 

chloramine-T iodination) were used to screen supernatant from animals 

immunised with either of these antigens.

The third assay was performed using insulin in the solid phase. The 

supernatant were also screened on Immulon 2 plates coated with insulin, 

overnight at +4°C. The ELISA was the same as that described for 

proinsulin.

3.3.4 Cloning of cells

Antibody-screening hybrid cells from positive culture wells that were chosen 

from the results of the screening assays were cloned to ensure that the 

antibody was homogeneous and monospecific. This procedure also ensures 

that the non-producing cells, arising either in the original fusion wells or as 

spontaneous variants, do not out grow the antibody secreting hybrids. 

Cloning, initiation of a cell line from a single progenitor, can be done in two 

ways, either in soft agar, or by limiting dilution.

The cloning of cells for this project used the limiting dilution technique. 

Macrophage feeder layers in 96-well micro-culture plates, one per positive 

hybrid well cloned, were prepared as described earlier. The hybrid cells from 

the positive wells were harvested and counted. Cell suspensions containing

94



10 and 5 cells per ml were prepared and 100/xl aliquots of the 10 cells per ml 

suspension added to each of 48 wells. The remaining 48 wells received lOO/ul 

of the 5 cells per ml suspension. The plates were incubated in 37°C 

incubator, gassed with 5% CO2 in air. The cells were checked

microscopically and supernatant assayed for antibody activity after 1 and 2 

weeks. The positive wells were subcloned to ensure homogeneity of the 

hybrids of interest.

3.3.5 Production of ascites

Hybridoma derived antibody in sufficient quantities was prepared by injecting 

these hybrid lines into histocompatible mice, BALB/c, 8-12 weeks (Biological 

Services, UCL, London, UK). 0.5ml of Pristane (Gibco Ltd, Paisley, UK) 

was injected into the peritoneal cavity of a mouse and 2 were used per

selected clone. After 7 days 10̂  hybridoma cells were injected

intraperitoneally into the pristane primed mice. Most of the hybridoma lines

produced solid tumours or ascites within 10 to 21 days. A syringe with a 19 

gauge needle was used to drain off the ascitic fluid. The mice were generally 

tapped a maximum of three times. The ascitic fluid was clarified by 

centrifugation at 500 x g for 15min at +4°C and screened for antibody 

activity, prior to aliquoting and storage at -70°C.

3.4 Results

3.4.1 Guinea-pig x mouse heterohybridomas

A total of five fusions were carried out. Prior to attempting any fusions the

number of spleen cells in an non-immunised guinea-pig were ascertained so 

as to assess the success of the immunisation. Also growth of guinea-pig cells 

in guinea-pig, horse and foetal calf serum was assessed. Lastly the cells’ 

sensitivity to pencillin was checked (Table 3.1). The guinea-pig cells 

appeared to respond to antigen injection by approximately 3 to 4 fold increase 

in spleen cell count. The cells grew well in both guinea-pig as well as foetal 

calf serum and were not penicillin sensitive.
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3.4.1.1 Guinea-pig in vitro fusion

The first fusion followed a primary subcutaneous injection with a secondary 

in vitro boost. The fusion was carried out with JK.Ag8.653 plasmacytoma 

cells ’conditioned’ in complete media containing 10% guinea-pig serum and 

10% foetal calf serum, prior to being used in the fusion. The fusion ratio was 

4:1 (spleen: JKs). Seven days after the fusion the cells were examined 

microscopically. There appeared to be at least five hybridomas; 1C2, 2C8, 

2E8, 3B9 and 308. Fourteen days after the fusion the supernatant was 

assayed for antibody activity. There were no positive wells. The cells were 

maintained for a further 2 weeks with microscopic examination and 

supernatant being assayed weekly. At the end of this period there were no 

positive wells. While the cells remained viable they did not appear to be 

dividing. The fusion was abandoned.

3.4.1.2 Guinea-pig intrasplenic fusion

The animals were immunised and boosted conventionally and this was 

followed by a tertiary immunisation intrasplenically, where 2/xg of intact 

proinsulin on nitrocellulose paper was inserted into the spleen. The spleen 

was removed for fusion four days after the tertiary intrasplenic boost. Unused 

spleen cells were frozen for use in future fusions.

In this fusion macrophages from non-immunised guinea-pigs were used as 

’feeder’ cells. The JK cells were conditioned in guinea-pig serum. The 

fusion ratio used was 7:1 (spleen:JK). The fusion mixture was plated out into 

three 96-well plates at 10̂  cells per well and 2ml petri dishes were plated out 

at 10  ̂ cells per plate.

Seven days after the fusion the plates were examined microscopically. There 

appeared to be several hybridomas and the cells appeared healthy. The 

supernatant was assayed for antibody activity on proinsulin coated plates at 

days 14, 21 and 28 after the fusion (Table 3.2). At the end of the 4 weeks 

there were no positive wells and again the cells appeared stagnant. The fusion

96



was abandoned.

3.4.1.3 Guinea-pig footoad fusion

Twelve days after the footpad immunisation the animals were sacrificed and 

the popliteal, gluteal and inguinal lymph nodes and spleen removed. The cells 

from the popliteal lymph nodes from the two animals were pooled and the 

fusion carried out at a 4:1 (popliteal:JK) ratio. Fourteen days after the fusion 

the supernatant was assayed for the presense of antibody. Three wells showed 

above background signals. These were expanded to 2ml petri dishes and 

maintained for 6 weeks. The cells were examined microscopically and the 

supernatant solution assayed weekly. At the end of this period there were no 

positive cells and the fusion abandoned.

The gluteal node cells from the two animals were pooled and these were used 

for a separate fusion, with a fusion ratio of 10:1 (gluteal:JK). At the seven 

day examination there were no positives and the cells appeared less healthy 

than those from the popliteal node. Fourteen days after the fusion there were 

no viable cells and the supernatant solutions were all negative for antibody 

presence.

One more guinea-pig x mouse fusion was attempted using spleen cells that 

were frozen away after the intrasplenic immunisation. This fusion was carried 

out with another plasmacytoma cell-line, SP2/0-Agl4, which has been 

successfully fused to sheep, goat and rabbit cells. It has been shown that 

hybridomas can be successfully generated from frozen and thawed spleen cells 

(Bennick et al, 1991). This would allow the use of the spleen cell suspension 

which would otherwise have been discarded. The fusion did not yield viable 

hybridomas.

3.4.2 Mouse x mouse hybridomas

Six fusions were carried out with immunised mouse cells. Four of the fusions 

were with mouse cells immunised with intact proinsulin while the last two
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were using lymph node cells from animals immunised in the hind footpad with 

des 31, 32 proinsulin or des 64, 65 proinsulin.

3.4.2.1 Inguinal fusion after intact proinsulin immunisation

The inguinal lymph node cells from a mice immunised with intact proinsulin 

in the hind footpad were isolated as previously described. These cells were 

fused with the plasmacytoma cells at a fusion ratio of 4:1 (inguinal:JK) and 

plated out into four 96-well plates. Six days after the fusion the plates were 

checked microscopically. There were very few viable cells. After 9 days 

there were no viable cells and the supernatant solutions showed no antibody 

activity and so the fusion was abandoned.

3.4.2.2 Popliteal fusion after intact proinsulin immunisation

The popliteal lymph node cells from animals used in the inguinal fusion were 

pooled and fused separately, at a fusion ratio of 4:1 and plated out into 4 x 

96-well plates. Six days after the fusion the plates were screened using intact 

proinsulin coated plates. Twenty four hybridomas were selected at primary 

screening (Table 3.3) and the cells sub-cultured into 2ml petri dishes and then 

expanded to 10ml flasks. The cells from the 10ml flasks were frozen down 

at a density of 5 x 10̂  cells and the supernatant solutions used for testing their 

antibody titres, specificities and affinities (Table 3.4). These supernatant 

solutions were characterised by their ability to bind to proinsulin coated on 

Immulon 1 or 2 plates, insulin coated plates or proinsulin labelled with 

and therefore seen in the liquid phase. The supernatant solutions were also 

subtyped. The hybridomas were classified into three groups depending on 

how they reacted in these different assays. Four of the hybridomas, ID5, IE6, 

IG5 and 4F6 showed higher affinity for proinsulin than insulin, three, ID4, 

IE6 and 2B4, were more specific for insulin than proinsulin, while the 

remaining 8 showed equal cross-reactivities to the two antigens (Table 3.5). 

Seven of the hybridomas were cloned and injected into mice for ascites 

production. Three of the hybridomas were from the first category, 1D5, 1E6 

and 1G5, all showed high titres with proinsulin both in the solid and in the
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liquid phase. They had low titres against insulin in the solid phase. 1D5 was 

an IgGl and 1E6 and 1G5 were both IgMs. Another hybridoma, 1E9, had 

low titres against proinsulin in both the liquid and solid phase, but higher 

titres with insulin and was also an IgM. The third category were the 

hybridomas that cross-reacted with solid phase insulin and proinsulin. Three 

of these were cloned, 2C5, 4G2 and IH l. They were all IgGl and showed 

high titres with liquid phase proinsulin.

3.4.2.3 In vitro immunisation with intact proinsulin

The in vitro immunisation and fusion were carried out as per the Cel-Prime 

kit. The kit uses the plasmacytoma cell line, SP2/0 and fusion ratio of 10:1 

(Spleen :SP2). Nine days after the fusion the plates were inspected 

microscopically and several hybridomas were visible. Presence of antibody 

was assayed for in the primary screen, 11 days after fusion using the 

supernatant from the 96-well plates. Positive wells were expanded to 2ml 

petri dishes and the supernatant screened again. The third screen was 

following expansion into 10ml flasks. The cells at approximately 5 x 10*̂ 

were frozen down and the supernatant screened for titres against proinsulin 

and insulin and subtyped. None of the hybridomas achieved very high titres, 

most were cross-reactive with insulin and all were IgMs. All were negative 

with proinsulin in the liquid phase, probably because the 2“** antibody used 

was an anti-mouse IgG-sac-cell and all these antibodies were IgMs (Table 

3.6).

3.4.3 Popliteal fusion after des 31, 32 proinsulin inununisation

The fusion following footpad immunisation with des 31, 32 proinsulin gave 

raise to 23 hybridomas as screened with labelled des 31,32 proinsulin 

coated strips. Most of these were a very low titres, except 9C2, and they 

were all IgMs. These were frozen down but none were cloned or used for 

ascites production (Table 3.7).

3.4.4 Popliteal fusion after des 64, 65 proinsulin inununisation
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Using des 64, 65 proinsulin as the immunogen, via the footpad, elicited a 

good immune response. Twenty eight hybridomas were selected in the 

primary screen using labelled des 64, 65 proinsulin. Of the 28 hybrids, 

19 were frozen down and supernatant characterised further on insulin and 

intact proinsulin coated plates. Nine of these cross-reacted on insulin coated 

plates and 16 on the proinsulin coated plates. Two which appeared specific 

for des 64, 65 proinsulin, 17B7 and 17F8, were cloned and used to raise 

ascites (Table 3.8).

3.5 Discussion

3.5.1 Heterohybridomas

While the proinsulin-like molecules raised polyclonal antibodies in guinea-pigs 

with good specificity and high affinity, attempts to fuse these spleen cells or 

lymph node cells to mouse plasmacytoma cell lines, either the JK. Ag8.653 or 

the SP2/0, were met with disappointing results. In the first instance, the 

guinea-pig cells do appear to fuse to mouse cells to form the hybridoma but 

these hybridomas fail to divide and remain static in culture. Conditioning in 

guinea-pig serum, use of guinea-pig derived macrophages as ’feeder’ layer, 

the route of antigen administration and therefore the use of lymph node as 

opposed to splenic cells and changing the mouse plasmacytoma cell line were 

all tried, but none of these factors showed any increase in fusion frequency or 

altered the outcome of the fusion significantly. The guinea-pig intrasplenically 

immunised spleen cells fused to JK.Ag8.653 gave the longest surviving 

hybrids, 26 to 30 days, but these again did not divide and appeared to stop 

secreting antibody after about 3 weeks. While the cells appeared viable when 

stained with trypan blue they showed no increase in cell numbers. It appeared 

that the incompatibility which makes the guinea-pig different from the mouse 

and an ideal host to raise polyclonal antibodies in, is probably also the basis 

for the lack of success while trying to produce guinea-pig x mouse 

heterohybridomas.

Other groups have also attempted to raise guinea-pig x mouse
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heterohybridomas using different mouse plasmacytoma cell lines, NSO and 

another unspecified hybrid cell line that has been used to produce sheep and 

goat X mouse heterohybridomas, and have found a similar lack of success (C 

N Hales, person, comm.). This group have also attempted the fusion several 

times, but, while in one of the best attempts there appeared to be hybridomas 

at the end of 7 days, these were no longer viable by the end of 10 days. 

Supporting the fusion and the hybrids produced with medium containing 

guinea-pig serum and the use of guinea-pig macrophages as ’feeder’ cells may 

be the reason for the extended viability seen in some of the fusions, but these 

conditions were not adequate to increase the fusion frequency or to induce 

these heterohybridomas to divide and grow.

3.5.2 Routes of immunisation in mice for production of hybridomas

The different routes of antigen immunisation in mice were more successful. 

The inguinal lymph node cells did not produce hybridomas, whereas the 

popliteal lymph nodes were enlarged after immunisation with all the antigenic 

forms tried, intact, des 31, 32 and des 64, 65 proinsulins. Fusion of the 

popliteal cells with JK.Ag8.653 following immunisation with intact proinsulin 

produced several hybridomas (Tables 3.4, 3.5). The specificities of these 

antibodies varied, with some specific for proinsulin, others for insulin and a 

third category which showed equal cross-reactivity for insulin and proinsulin. 

A mixture of IgM and IgG antibodies were raised, with over half the high- 

titred antibodies being IgG. The high titres obtained with the labelled 

proinsulin screening assay were mainly confined to the IgG antibodies because 

the second anti-mouse IgG conjugated to sepharose, used for detecting the 

antigen-antibody complex, showed greater affinity for IgG than for IgM 

antibodies. The results with the plates coated with either insulin or proinsulin 

were more accurate, as the second antibody used here was a polyvalent IgG, 

A and M antibody coupled to peroxidase, and capable of binding all the 

immunoglobulin subclasses equally.

The in vitro immunisation did not appear to have induced a secondary immune
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response. All the antibodies raised were IgM and with low titres and 

specificities. This immunisation was carried out according to conventional 

techniques. Modifications such as adding more antigen daily, so that there is 

continuous presentation of the antigen, or increasing the initial antigenic dose, 

may have produced a better response. But it has been shown, using other 

immunogens and the same protocol, that an IgG response is provoked. 

Therefore the lack of response here may be due to the low immunogenicity 

of the proinsulin.

Immunisation with des 31, 32 proinsulin did not elicit a good immune 

response, and this was in keeping with the results obtained from the 

polyclonal studies. The des 31, 32 form appears less immunogenic than either 

the intact or the des 64, 65 proinsulins. This lack of immunogenicity may 

perhaps relate to differences in three-dimensional conformation rather than 

primary amino acid sequence differences as these are virtually identical 

between the three forms.

The des 64, 65 form was again more immunogenic than the des 31,32 form, 

again confirming the results of the polyclonal study. While these were high 

affinity antibodies, as demonstrated by the high titres, several showed cross

reactivity with either insulin or proinsulin. Three were specific for the des 

64, 65 proinsulin form and ascites from these hybridomas were produced for 

use in assay development.

3.6 Conclusion

In conclusion, this study showed that, despite several manipulations fusion of 

guinea-pig cells to mouse plasmacytomas was not achieved here. The footpad 

immunisation and popliteal fusion gives raise to antibodies of varied 

specificities, affinities and subclasses to the three antigens used. The des 31, 

32 proinsulin is the least immunogenic of the three forms of proinsulin.
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Table 3.1 Growth of guinea-pig cells under different conditions:

Condition Cell Count Microscopic examination

non-immunised mouse 

after 1° injection 

In 10% GPS+ 5% PCS 

In PCS + horse serum 

Without penicillin 

With penicillin

1.16 X 10»

3.4 X 10»

4.2 X 10̂

6.8 X 10̂

Not done

5.2 X 10̂

cells healthy 

cells healthy 

cells healthy 

cells healthy 

cells healthy 

cells healthy
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Table 3.2; Antibody activity of heterohybridomas following intrasplenic immunisation:

Plates Day 14 (OD^ Day 21 (OD^#) Day 28 (OD,*)

1C6 0.51 0.16 0.13

1G5 0.51 0.15 0.13

2G5 0.46 0.19 0.13

2H5 0.47 0.21 0.12

3B9 0.42 0.14 0.10

3G5 0.41 - -

petri-dish

C5 0.49 - -

D5 0.47 - -

Negative control 0.27 0.05 0.05

Positive control 1.8 0.99 0.99
The assay used the proinsulin-coated plate ELISA format.
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Table 3.3; Primary screen of mouse footpad immunisation with popliteal
fusion:

Well number OD 490nm

1A2 0.84

1D4 0.61

1D5 0.62

1D7 0.38

IDIO 0.44

1E6 2.35

1E9 0.98

IFl 0.75

1G5 0.69

IHl 0.60

2B4 0.69

2B12 0.41

2C5 0.61

2F5 0.39

3F11 0.29

4A4 0.48

4B10 0.28

4C10 2.25

4C12 0.33

4D2 1.96

4D11 0.31

4D12 0.37

4F6 0.36

4G2 -

Positive control 

Negative control

1.25

0.05

Screened using intact proinsulin coated plate ELISA.
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Table 3.4; Screening of supernatant from mouse popliteal fusion 
hybridomas, prior to freezing cells

Proinsulin - solid phase Pl-liquid
phase

Insulin

Hybridoma ELISA (OD490) RIA (Counts) Counts ELISA (OD490)

1A2 0.30 219 560 0.24

1D2 0.29 300 739 1.40

1D5 0.89 2719 4409 0.06

1D7 0.09 326 611 0.13

IDlO 1.03 1220 8076 1.54

1E6 2.29 1642 1348 0.11

1E9 0.57 296 691 2.10

IF l 0.13 818 589 0.33

1G5 2.20 1540 1384 0.06

IHl 1.15 293 8134 1.45

2B4 0.15 163 637 0.55

2B12 0.12 134 593 0.13

2C5 1.11 802 8161 1.34

2F5 0.08 149 649 0.08

3F11 0.71 218 8324 0.46

4A4 1.60 450 1010 2.29

4B10 0.11 643 1784 0.07

4C10 1.85 157 761 2.05

4C12 0.09 343 691 0.07

4D2 1.81 294 1146 2.07

4D11 0.07 166 584 0.06

4D12 0.08 201 621 0.14

4F6 0.51 511 828 0.07

4G2 0.23 2712 3624 0.26

NEG.CONT. 0.05 122 1031 0.05

POS.CONT. 1.61 1600 10160 1.58
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Table 3.5: Intact proinsulin footpad fusion:

Specificity Hybrid PI-
ELISA

INS-
ELISA

PI-RIA PI-1125 Clone Subtype

Proinsulin 1D5 0.89 0.06 2719 4409 Yes IgGl

1E6 2.29 0.11 1642 1348 Yes IgM

1G5 2.20 0.06 1540 1384 Yes IgM

4F6 0.51 0.07 511 828 No IgM4-Gl

Insulin 1D4 0.29 1.40 300 739 No Mix

1E9 0.57 2.10 296 691 Yes IgM

2B4 0.15 0.55 163 637 No IgM

Proinsulin IDlO 1.03 1.54 1220 8076 No IgGl

& 2C5 1.11 1.34 802 8161 Yes IgGl

insulin 4G2 0.23 0.26 2712 3624 Yes IgM-HGl

IHl 1.15 1.45 293 8134 Yes IgGl

3F11 0.71 0.46 218 8324 No IgGl

4A4 1.60 2.29 450 1010 No Mix

4C10 1.85 2.05 157 761 No IgM

4D2 1.81 2.07 294 1146 No IgM

PI = proinsulin; INS = insulin; ELISA = enzyme linked immunosorbent assay 
Supernatant solutions screened with FI-coated or INS-coated plate ELISA or RIA or 
Î ^̂  labelled proinsulin in the liquid phase.
Cell lines were proinsulin specific, insulin specific or showed equal cross-reactivity to 
both molecules
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Table 3.6; Hybridomas obtained from intact proinsulin in vitro
immunisation:

Hybrid 1®* screen 

ELISA RIA

2nd

screen

ELISA RIA

3rd

screen

ELISA RIA

Insulin

ELISA

Sib%)e

5A8 384 0.08 210 0.24 294 1.0 2.3 IgM

5B3 305 0.05 128 0.06 - - - IgM

5D2 318 0.09 234 0.21 204 0.79 0.95 IgM

5D3 363 0.05 241 0.11 116 0.13 0.10 IgM

5D5 167 0.09 133 0.23 155 0.16 0.10 IgM

5D10 431 0.33 158 1.51 189 0.85 0.44 IgM

6E8 697 0.14 183 0.29 621 1.08 1.57 IgM

6G8 566 0.08 152 0.21 180 0.18 0.09 IgM

7C7 253 0.07 67 0.10 - - - IgM

8G7 180 0.89 96 0.48 155 0.09 0.08 IgM

8G11 166 0.07 156 0.08 - - - IgM

8H4 728 0.06 226 0.1 158 0.75 0.20 IgM

NEG 154 0.05 177 0.05 85 0.05 0.05 IgM

POS 1070 1.61 1280 1.54 1270 0.75 1.08 IgM

1st screen carried out at the 96-well microtitre plate stage 
2nd screen carried out after cells were expanded into 2ml petri-dishes 
3rd screen carried out after cells were expanded to 10 ml flasks; these cells 
were frozen
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Table 3.7 : Screening of supernatant from mouse hybridomas following 
popliteal fusion and footpad immunisation with des 31, 32 proinsulin:

Hybridomas Labelled 
f"" Des 31, 32 PI 

(counts)

Des 31, 32 coated plate
(ODW

9B7 216 0.17

9B9 444 0.15

9C2 3621 0.84

9G3 517 0.21

9H2 857 0.63

9E1 - 0.12

9F10 - 0.13

10B4 444 0.17

lODll 306 0.27

10G7 282 0.18

10E3 - 0.13

l l A l l 1182 1.24

11B8 299 0.13

11C8 251 0.11

1IE9 331 0.47

11H2 273 0.13

l l H l l 1040 0.15

12B11 815 0.39

12C1 770 0.45

12E2 814 0.23

12E3 212 0.09

12F11 196 0.10

12A1 - 0.12

Negative

Positive

157

4756

0.07

1.04
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Table 3.8; Des 64, 65 proinsulin footpad fusion, primary, secondary and
tertiary screen;

Assayed SOfil of 200/il 50/tl of 1.0 ml 50/il of 10.0ml Coated plates

Hybrid ID 1*‘ screen 2“* screen 3"* screen insulin intact PI

counts %MB counts %MB counts %MB OD 490

13B5 4174 5 9258 15 8935 17 1.08 0.10

13C9 3883 5 1330 - - - - -

13F10 11045 19 4371 5 2958 4 0.27 1.21

14C6 26734 50 15836 29 12682 26 0.09 1.05

15B10 27560 51 23616 45 24628 52 1.86 0.99

15F12 21569 39 1789 - 18711 39 1.64 0.82

15G3 7924 13 6082 8 3292 5 0.02 1.25

16A2 16813 30 13157 23 8647 17 1.01 1.01

16E1 34643 65 30895 60 29609 63 2.00 1.54

17B7 2239 1 5642 8 11026 22 0.08 0.11

17C1 34835 66 20754 39 24256 51 0.97 0.88

17C11 2952 3 4830 6 11614 23 0.06 0.75

17E3 28657 53 7973 12 - - - -

17E4 4194 5 3249 3 4198 7 1.62 0.69

17F8 8245 13 14527 26 19598 41 0.10 0.16

17F11 5687 8 2016 - - - - -

17H8 4515 6 2265 - 3043 2 0.04 0.53

17H9 10381 17 3348 3 3751 6 0.10 0.66

17H11 6111 9 2092 - 1636 1 0.09 0.39

18A5 27082 50 11892 21 8775 17 1.98 0.95

19A9 2391 1 - - - - - -

18B3 2005 1 963 - - - - -

18B4 2704 2 813 - - - - -

18D2 2679 2 1283 - - - - -

18D10 6452 10 5827 8 8781 17 0.12 0.71

18F2 23911 44 23386 44 13126 27 1.11 1.05

total counts 50643 - 48205 - 45140 - - -

NSB 1579 - 2004 - 1061 - 0.07 0.06

PI Pos.Cont. 15752 28 21773 41 19827 42 - -

Ins+ PI Pos. 32342 61 33555 65 30412 65 1.68 1.52

MB = maximal bound count
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Figure 3.1
DNA synthesis by alternative or 'salvage' pathway 
In HAT medium

(from Practical Immunology, L  Hudson & F.C. Hay)
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Figure 3.2
Fusion and cell selection In HAT medium

(from Practical Immunology, L  Hudson & F.C. Hay)
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Figure 3.3
Experimental and surgical technique in the rat 
-  shows location of gluteai and popliteal nodes
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Figure 3.4
Schematic representation of in vitro immunisation 
and fusion (Cei-prime kit protocoi)
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CHAPTER 4

Development of assays for proinsuUn-like molecules
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4.1 Introduction

The first immunoassay was introduced by Yalow and Berson in 1959 as an 

assay for insulin (Yalow and Berson, 1959).

4.1.1 Limited antibody immunoassays

These assays involved a saturation analysis in which an limited antibody 

competes for antigen. If samples of unlabelled antigen are added to an 

assay of this kind they inhibit the binding of the labelled antigen to the 

antibody (Fig 4.1). A set of standards is used to construct an inhibition 

curve from which the amount of the unknown analyte may be determined 

by the degree of inhibition induced. To obtain optimal sensitivity, the 

concentration of antibody needs to be as low as possible, but, as the 

concentration of the reactants decrease, other factors such as speed of 

reaction and accuracy become limiting. Thus, the sensitivity of 

competition immunoassays is dependent on a combination of the antibody 

affinity and the error in determining the bound fraction. The limiting 

factor in this assay format is the ability to raise antisera containing high 

affinity antibodies. Since the affinity constant is unlikely to exceed 1 x 

lO^ l̂itres mol'  ̂ and the experimental error unlikely to be less than 1 % the 

theoretical limit on assay sensitivity would therefore be 1 x lÔ '̂ mol litre 

Using Avogadro constant this would give a theoretical lower limit of 

detection of 10̂  molecules ml'  ̂ (Jackson and Ekins, 1986).

4.1.2 Immunometric assays

Labelled antibody assays introduced by Miles and Hales (Miles and Hales, 

1968) depend upon the completely different principle of using an excess of 

antibody rather than an excess of antigen, described as an immunometric 

format. Standard amounts of antigen are reacted with excess labelled 

antibody, then, following separation of bound and free reactants, the bound 

antibody is estimated. An important factor of this type of assay is that no 

matter how low the antigen concentration, if sufficient antibody is added, 

some of the antibody will combine to form a complex within a given time;
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the rate of complex formation being equal to Kl[Ag][Ab]. Theoretically, a 

single molecule of antigen may be detected.

In addition to sensitivity, an equally important consideration is assay 

specificity. This is a particular problem for immunometric assays where 

the antibody is in excess and any cross-reactivity in the antiserum would 

allow side reactions with inappropriate antigens. Therefore when 

immunometric assays were based on polyclonal antisera these needed to be 

pure and highly specific these requirements limiting its widespread use. 

However with the advent of the monoclonal antibody technology and 

efficient affinity chromatography techniques this problem has been largely 

overcome.

A big advantage of immunometric assays is that two reagents can be used 

to characterise the analyte as long as it has two non-overlapping epitopes. 

Most frequently, the assay is performed in sandwich form (Fig 4.2).

4.1.3 Methods of detection of label

The method of detection depends essentially on the label. is easily 

detected in a 7 spectrometer scintillation counter and many systems are 

now available for counting multiple samples at the same time. A big 

advantage of as a label is that there is no problem with naturally 

occurring label being present in the sample.

Enzymes are generally used to produce coloured products from colourless 

substrates. The product can be easily determined in a spectrophotometer or 

colorimeter. Automated plate readers are now commercially available 

which make reading large numbers of samples relatively easy.

4.1.4 Choice of label

The nature of the label, the characterisation of signal generation and the 

detection system used to measure it are of great importance. A wide range
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of substances have been used to label antigen or antibody, for application in 

immunoassays. The type of label chosen can have a marked effect on the 

maximum sensitivity of the assay system.

Two main factors contribute to the accuracy and sensitivity of signal 

detection. Firstly, the level of background and, secondly, the number of 

measurable units of activity generated per unit time for each labelled 

molecule. Thus sensitivity would be greatest when the background is 

reduced to near zero and each molecule of bound antibody emits an 

observable signal. has been most frequently used as the label for both 

antigen and antibody, in a radioimmunoassay (RIA) using labelled 

antigen or in an immunoradiometric assay (IRMA) with an iodinated 

second antibody. The advantages of the F̂  ̂ label are its low natural 

background in the environment and the fact that its radioactive 

disintegration is independent of the chemical or physical nature of the 

assay. The disadvantage is, however, that this label imposes a major 

handicap on assay sensitivity. The background in an assay is usually 

greater than 30cpm and a detection efficiency of around 50%. Thus if each 

molecule, either antigen or antibody, is labelled with a single F̂  ̂molecule 

this necessitates about 250,000 molecules to obtain a count rate of Icpm. 

Therefore for the signal to be sufficiently above that of the background 

several million molecules will need to be bound, rather than the theoretical 

one signal molecule needed for immunometric assays.

Enzymes, utilised in an immunoenzymometric assay (lEMA), offer a 

distinct advantage over radioisotopes in that each enzyme-labelled antibody 

can contribute to the signal during the time of the assay, as each enzyme 

molecule can convert many molecules of substrate to detectable product.

But most enzyme assays are limited by the sensitivity of the detector and 

the poor optical and chemical reproducibility of the cuvettes and microtitre 

plates used for the assays.
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Greater sensitivity of detection can be expected from labels which are 

catalysts, since theoretically they can be measured with infinite sensitivity, 

limited only by the rate of the reaction and by interferences. A simple 

principle for further increasing the detectability of labels for immunoassay 

has been proposed by Self (Self, 1985). In this technique the label is a 

catalyst which gives rise not to a directly measurable product, but to a 

second catalyst each molecule of which in turn gives rise to many 

molecules which are detected. Thus by coupling two catalytic processes in 

series it is possible to achieve amplification of colour formation by several 

orders of magnitude compared with the one-step colour formation of 

conventional enzyme immunoassays (Self, 1985; Stanley et al, 1985; 

Johannsson et al, 1986). Using this format assays for proinsulin with 

detection limits of 0.1 and 0.8 pmol.l'^ respectively have been reported 

(Dhahir et al, 1992; Alpha et al, 1992). Assay detection limits as low as 

0.01 pmol.l^ have been reported (Cook and Self, 1993). The signal from 

the bound enzyme can also be increased by multiplying the number of 

enzyme labels immunochemically, prior to colour formation (Koertge and 

Butler, 1985).

Amplification of the signal from enzyme labels achieves improved assay 

sensitivity only when other assay conditions are not limiting. The 

sensitivity of competitive immunoassays is usually governed by the affinity 

of the antibodies employed and not by the specific activity of the label 

(Jackson and Ekins, 1986). However, improving the detectability of the 

label can often lead to increased assay sensitivity if the immunoreactions 

are far from equilibrium.

Other factors which improve assay performance include antibody affinity 

and purity and the reduction of non-specific binding by careful optimisation 

of incubation and washing buffers and the use of high quality enzyme- 

antibody conjugates (Ishikawa et al, 1983). Labels of improved 

detectability will have the greatest impact in immunometric assays that are
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rapid use labelled antibody of high affinity and low non-specific binding.

4.1.5 Choice of solid phase

Several options are available for preparation of the immunoadsorbants, 

which are used to ’capture’ the antigen in immunometric assays. The 

choice of solid phase and the method of binding of the antibody to the solid 

phase have major implications for assay sensitivity and specificity. The 

antibody adsorbed to a microtitre plate would be expected to be 

conformationally different from the same antibody bound to beads. Also 

adsorbed antibody as opposed to covalently linked antibody would behave 

differently in terms of antigen binding and non-specific interactions. While 

most commonly the first antibody is bound to the selected solid phase by 

adsorption, due to ease of preparation, other methods are available such as 

covalent binding by diazotisation and carbamyldiimidazole linking, as well 

as covalently activated plates (Dynatech Labs, UK).

4.1.6 Choice of antibody

The two-site assay format allows the use of two antibodies to non

overlapping epitopes of an antigen, thus improving assay specificity. This 

format enables the use of antibodies raised to structurally related antigens, 

which are more immunogenic, to measure levels of an antigen which is 

itself less immunogenic but with enough sequence homology to the 

immunogen. For example, antibodies raised to human insulin and C- 

peptide have been employed in simple sandwich immunometric assays for 

the measurement of human proinsulin (Rainbow et al, 1979; Kjems et al, 

1993). The assay does not cross-react with either of the immunising 

antigens and is specific for the proinsulin-like molecules.

4.1.7 Assessment of assay performance

In order to validate an assay its characteristics in terms of sensitivity, 

specificity, precision, accuracy and linearity have to be ascertained. The 

sensitivity or limit of quantification of the method is defined as the lowest
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concentration that can be determined and is normally assigned as the lowest 

calibration standard in the method. The specificity is the ability of the 

method to determine accurately and precisely the chosen analyte in the test 

matrix in the presence of endogenous matrix substances and metabolites of 

the analyte. The precision is the ability of the method to provide similar 

values for the test samples on repeated assay. This is normally expressed 

as the coefficient of variation of a series of values obtained for these test 

samples. The accuracy is the ability of the assay to determine the correct 

concentration of the analyte in test samples and is determined by assaying 

samples of known concentration.The linearity is the variation in the 

measured concentration of the analyte in the sample matrix as a function of 

the known concentration in this matrix.

4.2 Aims of the study

The aims of this study were to develop assays for intact, des 31, 32 and 

des 64, 65 proinsulin by:

i) Using commercially available antibodies, to set-up assays for 

intact and des 31,32 proinsulin,

ii) To assess the suitability of in-house antibodies as alternatives to 

those available commercially,

iii) To improve the sensitivity of existing assays for these molecules,

iv) To modify and simplify the assays so as to increase sample 

throughput and

v) To use the in-house antibodies described in Chapter 3 to develop 

an assay for des 64, 65 proinsulin with adequate sensitivity and 

specificity.

4.3 Methods

The initial assays for intact and des 31,32 proinsulin were set-up as 

cellulose IRMAs using the commercially available antibodies A6 and 3B1 

(Serono Diagnostics, Woking, Surrey, UK) and PEPOOl (Novo Labs, 

Cambridge, UK). The A6 and 3B1 antibodies were raised by Sobey et al
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(Sobey et al, 1989). Methods are described for the covalent binding of an 

anti-insulin antibody, 14B, and an antibody that shows equal cross

reactivity for both insulin and proinsulin, 3B1, to cellulose beads and the 

iodination of A6 , an anti-proinsulin antibody, and an anti-C-peptide 

antibody, PEPOOl. This is followed by the assay for intact and des 31, 32 

proinsulin using the prepared cellulose immunoadsorbents and the 1̂ ^̂  

labelled second antibodies. The attempt to use these antibodies in an 

immunoenzymometric assay is then described, as well as microplate 

IRMAs for the proinsulin-like molecules. Finally a plate IRMA for des 64, 

65 proinsulin is described. The method of assessing assay sensitivities, 

specificities, precision, accuracies and linearity are all outlined.

4.3.1 Preparation of cellulose immunoadsorbents

Activation procedure:

5g of Sigmacell-type 20 cellulose (Sigma Chemical Co., Poole, Dorset,

UK) was weighed into a 50ml conical flask fitted with a ground glass 

stopper. 1. I ’-carbomyldiimidazole (CDl), 0.61g in 25ml of 0.15M 

acetone, was added and incubated at room temperature (20 - 25°C) for 

60min while stirring vigorously. The activated imidazolyl-carbamate 

cellulose was recovered by filtration over a glass microfibre filter 

(Whatman GF/A, 2fim). The activated cellulose was washed with 3 x 

100ml aliquots of acetone, allowed to dry in air and stored in a tightly 

sealed container at -20°C until required.

Covalent linkage of antibody:

The activated cellulose was allowed to reach room temperature and 0.20g 

was weighed into a polystyrene tube. One ml of monoclonal antibody 3B1 

or 14B (Serono Diagnostics, Woking Surrey, UK; Sobey et al, 1989), at 

lOmg antibody per ml of 0.05M barbitone buffer, pH8.0, was added and 

vortexed briefly to form a slurry. The mixture was stoppered and rotated 

end-over-end for 16 to 18h at room temperature. At the end of the 

incubation the slurry was centrifuged for lOmin at 1200 x g and the protein
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in solution recovered for use in subsequent couplings. The 

immunoadsorbent was washed with 50ml of the following buffers, 

centrifuging after each washing for lOmin at 1200 x g:

i)0.5M bicarbonate buffer, pH8.0, rotating for 20min,

ii)repeat of i),

iii)0.1M acetate buffer, pH4.0, rotating for 60min,

iv)0.1M acetate buffer, pH4.0, sonicating for 30s and rotating for 16-20h,

v)0.05M barbitone buffer, pH8.0, rotating for 20min,

vi) repeat of v).

The immunoadsorbent was stored in 0.05M barbitone buffer, pH8.0, at 

+4°C until required and used at 1:4 dilution.

Determination of coupled antibody:

The antibody coupled to the cellulose was estimated by determining the 

protein concentration before coupling and subtracting the protein recovered 

after coupling. Protein coupled to the cellulose was assumed to be the 

difference between these values.

4.3.2 Protein estimation

Protein was determined by a modified Lowry method (Peterson, 1977), 

using a commercial kit (Sigma Chemical Co., Poole, Dorset, UK), with 

crystalline bovine serum albumin. Fraction V as calibration standard. The 

assay principle is that an alkaline cupric tartrate reagent complexes with the 

peptide bonds and forms a purple-blue colour when the phenol reagent is 

added. Absorbance is read at 750nm and protein concentration determined 

from a calibration curve. The assay was carried out as described in the 

protocol for direct procedure, without protein precipitation. The standards 

used were 50, 100, 200, 300 and 400/ig.ml'\ One ml of the Lowry 

reagent provided was added to 1.0ml of the prepared standards, blank or 

samples. The solutions were allowed to stand at room temperature for 

20min. Following incubation 0.5ml of Folin & Ciocalteou’s Phenol 

reagent was added to all tubes mixing immediately. Colour development
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was allowed to proceed for 30min to steady state/completion and the 

absorbance of the solutions at 750nm ascertained within 30min of 

completion of colour development. A calibration curve was prepared by 

plotting the absorbance values of the standards versus their corresponding 

protein concentrations and the protein concentration of the samples 

determined from this calibration curve.

4.3.3 Cellulose IRMA for intact and des 31, 32 proinsulin

Iodination of second antibody:

lodogen coated tubes were prepared as described previously (Chapter 2; 

Section 2.3.6.1) and the antibodies A6 and PEPOOl, 100/xl (Img.ml'^) in 

PBS buffer, were labelled to (Chapter 2; Section 2.3.6.1)

Preparation of standards:

Intact proinsulin: Intact proinsulin standard, human proinsulin. International 

Reference Reagent, code 84/611 (NIBSC, Potters Bar, Herts, UK), 6/xg per 

ampoule (molecular weight 9395) was prepared by reconstituting the 

contents of the ampoule in 40mM sodium phosphate buffer, containing 5 % 

human serum albumin and 0.2% thiomersal, pH 7.5, to prepare a stock of 

3.70 X 10̂  pmol.l'*. Stock A. This concentrated stock was diluted 1 in 545 

in the phosphate buffer to prepare diluted Stock B, 680 pmol.U.

Des 31, 32 proinsulin: Des 31, 32 proinsulin standard was prepared from 

human des 31, 32 proinsulin (Lilly & Co., Indianapolis, USA), Lot no. 

A52-AWK-117, 95/xg per ampoule. The contents of the ampoule was 

reconstituted with the 40mM phosphate buffer described above to prepare 

Stock A, concentration 1.85 x 10̂  pmol.l \  Stock B was prepared from 

Stock A, concentration 1850 pmol.U.

All stock standards were aliquoted and stored frozen at -70°C.

Preparation of controls:

Three control samples were set up for each of the assays. The low level 

control consisted of pooled plasma from ten fasting, non-diabetic subjects. 

The medium and high controls were prepared by spiking fasting plasma 

with intact or des 31, 32 proinsulin to obtain concentrations of 10 - 15
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pmol.l'^ or 25 - 30 pmol.l ̂  respectively. All controls were aliquoted and 

stored frozen at -70°.

Assay for intact proinsulin:

Stock standard B was diluted in 0.05M barbitone buffer, containing 5 % 

bovine serum albumin, to cover the range 0.5 to 125 pmol.l'\ 200/xl of 

intact proinsulin standards, controls or samples were set up in 2.5ml plastic 

round bottomed tubes. 50/d of iodinated A6, containing approximately

20,000 counts per minute in 12% v/v of normal mouse serum, was added 

to all tubes, vortexed and incubated overnight at 4-4°C. 50/d of cellulose 

bound 3B1 (50/d binding approximately 30ng of insulin) was then added, 

mixed and incubated overnight at +4°C. At the end of the incubation 

1.0ml of ice-cold 0.025M barbitone buffer, pH 8.0, was added to all tubes 

and vortexed for 5s. The tubes were centrifuged at 800 g for 20min. The 

supernatant was aspirated and the pellet washed by adding 1.0ml of 

0.025M barbitone buffer, pH 8.0, with 0.5% Tween 20, vortexed for 5s 

and centrifuged for 20min at 800 g. The supernatant was aspirated and the 

pellet counted for 2 min and lOmin. The standard curve was plotted with 

concentration in the x-axis (linear) and cpm in the y-axis with spline 

smoothed curve fitting algorithm.

Assay for des 31. 32 proinsulin:

200/d of des 31, 32 proinsulin standards, range 0.24 to 62.5 pmol.l % 

controls or samples were set up in plastic tubes. 50/d of cellulose bound 

3B1 was added to all tubes, mixed and incubated overnight at 4-4°C. The 

bound antigen was washed by adding 0.5ml of ice-cold 0.025M barbitone 

buffer, pH8.0, mixed and centrifuged at 800 g for 20min. The supernatant 

were aspirated and 50/d of iodinated PEPOOl (approximately 20,000cpm, 

containing 12% v/v of normal mouse serum), was added, mixed and 

incubated overnight at -l-4°C. 0.5ml of ice-cold 0.025M barbitone buffer 

with 0.5% between 20, was added, vortexed for 5s and centrifuged for 

20min at 800 g. The supernatant was aspirated and the pellet washed a 

further two times. After the last wash the supernatant was aspirated and
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the pellet counted for 1 and lOmin. A calibration curve with cpm in the x- 

axis and concentration in the y-axis was constructed.

4.3.4 I£MA for intact and des 31, 32 proinsulin

Conjugation of second antibody to alkaline phosphatase: A6 or PEPOOl 

were conjugated to alkaline phosphatase as described in Chapter 2 for the 

polyclonal antibodies using SPDP.

lEMA for intact proinsulin:

Coating conditions: Two different types of 96-well microtitre plates were 

assessed, Immunlon2 (Dynatech labs, UK) and Maxisorp (Nunc, Life 

Technologies, Paisley, UK). Antibody coating concentrations of 5, 10 and 

50/ig.ml'^ in either O.OIM Tris buffer, pH 9.0 or O.OIM carbonate buffer, 

pH9.0, were tried. Plates were coated by adding 200^1 of the coating 

antibody per well and incubated overnight at H-4°C or at 37°C for Ih. 

Blocking of non-specific binding sites: The coating antibody was recovered 

and the plates blocked by adding 200/d of O.OIM Tris buffer, pH 8.0, with 

1 % BSA, and incubating at 37°C for Ih or by washing four times with 

O.OIM Tris buffer with 5% sucrose, 0.45% NaCl and 0.1% BSA, and 

drying for Ih at 37°C.

Addition of samples: Plates were washed four times with O.OIM Tris,with 

0.05% Tween 20, pH 8.0, and the last traces of moisture aspirated. 

Standards were prepared as for the cellulose IRMA. 25/d of O.OIM Tris 

with 5% BSA and 0.6% normal mouse serum was added followed by 125/d 

of standards, controls or samples. Plates were covered with parafilm, 

mixed on a plate shaker for 30s and incubated overnight at +4°C.

Addition of label: Contents of the plates were aspirated and plates washed 

three times, with 250/tl per well, in Tris/Tween wash buffer. Last traces 

were aspirated and 100/xl of alkaline phosphatase labelled-A6 or PEP(X)1 

added appropriately diluted to give a maximum readable difference, in the
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optical density, between the highest standard and the blank. The plates 

were covered in parafilm and incubated at +4°C overnight.

Detection: The label was aspirated and the plates washed four times with 

250jLtl per well of Tris/Tween wash buffer. Last traces were aspirated.

Without amplification: Plates were initially detected without amplification. 

After the last aspiration 100/xl per well of substrate containing 5mg p- 

nitrophenol phosphate (p-NPP; Sigma Chemical Co., Poole, Dorset, UK) 

dissolved in 12.5ml of diethanolamine buffer, pH9.8 (48ml diethanolamine 

and 24.5mg MgCl2 dissolved in 400ml of distilled water adjusted to pH 9.8 

with HCl and made up to a final volume of 500ml with water). The plate 

was incubated at room temperature for 30min and the reaction stopped by 

adding 25/xl per well of l.OM sodium hydroxide. The optical density of 

the well read at 410nm in a plate reader (MR 5000, Dynatech, UK).

With amplification: Amplification substrate buffer contained 1.05g of 

diethanolamine, 40mg of MgClz.bHzO, 3mg of ZnCl2 and 0.195 NaNg 

dissolved and made up to 200ml with distilled water and pH adjusted to 9.5 

with concentrated HCl. The buffer was stored at +4°C and brought to 

room temperature prior to use. The amplifier buffer contained 8ml 

absolute ethanol, 55.6mg p-iodonitrotetrazolium violet and 0.5g BSA made 

up to 100ml with 20mM phosphate buffer, pH 7.2. The buffer was stored 

frozen in 13ml aliquots, thawed and brought to room temperature prior to 

use. Substrate was prepared by dissolving 1.25mg of NADPH2, reduced 

form (Boehringer Mannheim, UK) to 12.5ml of substrate buffer in a dark 

glass bottle and mixed for lOmin. 100/xl of this substrate was added to the 

plate and incubated in the dark for 20 to 30 min at room temperature. Ten 

minutes before the end of the substrate incubation 2.5mg of alcohol 

dehydrogenase (EC 1.1.1.1; Sigma Chemical Co, Poole, Dorset, UK), and 

180/xl of diaphorase (NADH:dye oxidoreductase, EC 1.6.4.3, Grade 1 

from pigheart: Boehringer Mannheim, UK), were mixed with 12.5ml of
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amplifier buffer. lOO/tl of the prepared amplifier was added to all wells in 

the same order of addition as the substrate and mixed for 5s. The reaction 

was stopped after 5 min by adding 50^1 of 0.2M sulphuric acid. The 

absorbance at 490nm was recorded (MR5000 plate reader, Dynatech, UK).

4.3.5 Microplate IRMAs for intact and des 31, 32 proinsulin

Plates (Immulon 4, removawell strips; Dynatech, UK) were coated with 

200jLtl per well 3B1 antibody diluted to 2/xg.ml‘̂  in O.OIM Tris buffer, 

pH9.0, with 0.15M NaCl, and incubated overnight at +4°C. Coating 

antibody was recovered and non-specific sites blocked by washing four 

times with O.OIM Tris with 5% sucrose, 0.45% NaCl and 0.1% BSA, pH 

8.5, and dried at 37°C for Ih. Standards covering the range 0.25 to 125 

pmol.r^ was prepared for both antigens as described above. 125/xl of 

standards, controls or samples were added following addition of 25/xl of

O.OIM Tris containing 1% BSA, 0.6% normal mouse serum and aprotinin 

(200KIU.L^). The normal mouse serum was used to reduce interference 

due to human anti-mouse antibodies and heterophilic antibodies in the 

samples and the aprotinin, a protease inhibitor, to minimise sample 

degradation during incubation. Plates were mixed for Imin and incubated 

overnight at +4°C. Plates were washed three times with Tris/Tween wash 

buffer and last traces aspirated. 100/xl per well of iodinated antibody (A6- 

for intact proinsulin assay and P E P O O l f o r  des 31, 32 proinsulin 

assay) diluted in 0.01 MTris with 1.0% BSA to contain approximately 

20,000cpm was added to all wells, mixed and incubated overnight at -f 4°C. 

Plates were washed four times with wash buffer and dried thoroughly by 

leaving inverted for lOmin. The radioactivity of individual wells was 

determined on a NE 1600 gamma counter (Nuclear Enterprises Ltd, 

Edinburgh, UK). The curve fitting algorithm used the 4PL-model with 

concentration (linear) on the x-axis and response (B/T) on the y-axis.

4.3.6 Displacement assays using in-house antibodies

In order to ascertain the feasibility of using one of the in-house monoclonal
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antibodies to detect proinsulin several of these were assessed. They were 

added to the intact proinsulin microplate IRMA at the stage when the 

labelled A6 was added and the displacement of A6 evaluated.

4.3.7 Microplate lEMA and IRMA for des 64, 65 proinsulin

Standards and control preparation: Des 64, 65 proinsulin standard was 

prepared from human des 64, 65 proinsulin (Lilly & Co., Indianapolis, 

USA), (Lot no. A18-IDT-94, 95^g per ampoule, molecular weight 9101), 

as described for des 31, 32 proinsulin standard preparation. Three controls 

were prepared from spiking fasting plasma to read around 2 .0 , 10.0 and

20.0 pmol.l'^ for the low, medium and high controls respectively. All 

standard and control stocks were aliquoted and stored frozen at -70°C.

Assay protocol: Three anti-des 64, 65 proinsulin guinea-pig polyclonal 

antibodies, GP8 , GPIO and GP12, were tried as ’capture’ antibodies. 

Microtitre plates were coated with the polyclonal antibodies purified on 

protein-A-sepharose only, or, protein-A-sepharose purified and then 

adsorbed with intact proinsulin. This was done by incubating 200^1 per 

well of the anti-des 64, 65 proinsulin guinea-pig polyclonal antibody, 

diluted to Img.ml'^ in O.OIM Tris, pH 9.0, on 96-well microtitre plates 

coated with intact proinsulin, 2^g.ml'\ for 2h at room temperature. The 

incubation with intact proinsulin was to try to remove from the polyclonal 

mixture antibodies that bound this antigenic form. Adsorbed antibody was 

recovered from the plate, an aliquot was assayed for presence of intact 

proinsulin and if this was found to be less than O.lOpmol.U (limit of 

detection of the intact proinsulin assay) it was stored frozen for subsequent 

use. Adsorbed antibody or just protein-A purified antibody was used to 

coat plates, 1.0 mg.ml'^ in O.OIM Tris, pH 9.0, overnight at +4°C. 

Antibody was recovered for reuse and the plate blocked by adding 200jLil 

per well of O.OIM Tris, 0.15M NaCl containing 1% BSA,and incubated at 

37°C for Ih. Plates were washed three times with Tris/Tween wash buffer 

followed by one wash with Tris buffer without Tween 20. Last traces were
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aspirated and 25/d of the Tris buffer containing normal mouse serum and 

aprotinin added to all wells followed by 175/tl of standards, range 0.12 to

62.5 pm ol.r\ controls or samples. Plates were covered with parafilm, 

shaken for 5s and incubated at +4°C overnight. Following incubation 

plates were washed twice with Tris/Tween, last traces aspirated and 200/d 

of alkaline phosphatase conjugated A6 (lEMA), diluted 1 in 5000 in Tris 

buffer containing 1 % BSA or 50/d of labelled A6 (IRMA) containing 

20,000cpm added to all wells. Plates were covered and incubated 

overnight at +4°C. Plates were washed three times with Tris/Tween 

followed by a last wash with Tris buffer. The plates containing the 

iodinated A6 were dried and the radioactivity counted on the gamma 

counter (NE 1600). The plates containing the enzyme labelled A6 were 

developed with amplification substrates as described above, with a substrate 

incubation of 30min and an amplifier incubation of lOmin. The assay was 

stopped with 50/d of 0.3M sulphuric acid, plates shaken for Imin and the 

optical density at 490nm recorded.

4.3.8 Assay validation

After each of the assays had been developed and their reproducibility and 

sensitivity ascertained to be adequate the following protocol was carried out 

to validate them.

The sensitivities of the assays were confirmed by measuring the zero dose 

standard 20 times. The standard corresponding to the mean response of the 

zero standard plus 3 standard deviations was defined as the limit of 

detection of the assay.

The specificity of the methods was determined by spiking samples with the 

related molecules, human insulin up to 2500pmol.l'% insulin-like growth 

factor-1 up to 2500pmol.l'\ C-peptide up to 250nmol.M, and the 

proinsulin-like molecules upto 250pmol.l'\ The extent of cross-reactivities 

of each of these metabolites was ascertained.
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The precision of the assays was obtained from the coefficient of variation 

of the quality control samples and these were defined for the three levels in 

within batch and between batch assays.

The accuracy of the assays was tested by spiking six samples of fasting 

plasma from different subjects with antigen at the same concentrations as 

the standards and comparing their actual and expected recovery values. 

Recovery was also determined from 5% BSA in Tris buffer, pH 8.0, at 

concentrations parallel to the standard curve.

Finally the intact and des 31, 32 proinsulin assays were validated against 

two other methods, cellulose IRMA (Sobey et al, 1989) and high 

performance liquid chromatography (Ostrega et al, 1995). Twenty five 

subjects, 8 with normal glucose tolerance and 17 with diet treated non

insulin dependent diabetes, were studied. Samples were taken fasting and 

30min after a 75g oral glucose load and the plasma fraction frozen at -70°C 

until assay. Aliquots were sent to the labs in Cambridge and Chicago for 

assay by cellulose IRMA and HPLC respectively.

4.4 Results

4.4.1 Cellulose bound 3B1 antibody:

A slightly different method was used to bind cellulose to 3B1 from that

described by Sobey et al (Sobey et al, 1989). Their method utilises

diazotisation as opposed to carbodimide.

Determination of coupled 3B1:

The calibration curve from the modified Lowry method was used for 

protein estimation (Fig 4.3).

4.72mg of freeze-dried, purified 3B1 was weighed for the coupling. The 

protein was estimated using the standard curve produced:

Pre-coupling : 4.72mg

Post-coupling : 3.12mg
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Therefore coupled 3B1 : 4.72 - 3.12 = 1.60mg

Therefore the immunoadsorbent contained:

1.6mg 3B1 per lOOmg of cellulose ie. 16^g 3B1 per mg of cellulose.

This was used diluted at 1 in 4: 4^g 3B1 per 0.25 mg of cellulose.

From Sobey et al:

200/xg of bound 3B1 binds 4/xg of insulin per mg cellulose 

Thus 16/ig of bound 3B1 binds 0.08/ig insulin = SO.Ong 

The maximum amount of proinsulin in 200/xl of the lOOOpM standard is

l.Tng. Therefore this is sufficient to bind in considerable excess the 

highest proinsulin standard used.

4.4.2 Cellulose IRMAs for intact and des 31,32 proinsulin:

Iodination: The iodination of A6 and PEPOOl were carried out using 

lodogen. The iodinated antibodies were purified on a Sephadex-G25 gel 

filtration column. The first peak of radioactivity corresponded to the 

labelled antibody (Fig 4.4 and 4.5). A6 was used diluted 1:1500 in order 

to obtain 20,000 cpm per 50^1, while PEPOOl was used at a 1:10(X) 

dilution for the same number of counts. Both showed between 40 to 45 % 

incorporation of label as assessed by trichloroacetic acid precipitation.

Intact and des 31, 32 proinsulin cellulose IRMA:

The sensitivity of the assays as mean of zero standard response plus 2 

standard deviations was 0.49pmol.l^ for both assays. Fig 4.6 and 4.7 are 

typical standard curves for the assays.

There was no cross-reactivity with insulin (up to 2500pmol.l ̂ ), IGF-1 (up 

to 2500pmol.l'^) and C-peptide (up to lOOnmol.l^) in both assays. Des 31, 

32 proinsulin did not cross-react in the intact proinsulin assay to a 

concentration of up to 250pmol.l'\ but there was over 90% cross-reaction 

with des 64, 65 proinsulin. In the des 31, 32 proinsulin assay intact 

proinsulin and des 64, 65 proinsulin showed 80% (76 -89) and 62% (56-65) 

cross-reaction respectively.
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In the intact proinsulin assay intra and inter-assay coefficients of variation 

for the low control (mean:SD = 3.2:0.59) were 3.9% and 7.0% 

respectively, for the medium control (12.0:1.20) were 7.9% and 9.9% 

respectively and for the high control (32: 4.0) were 10.3 and 13.8% 

respectively. In the des 31, 32 proinsulin assay intra and inter-assay 

coefficients of variation for the low control (mean:SD = 2.4:0.59) were 

7.3% and 8.9% respectively, for the medium control (13.1:1.49) were 

9.0% and 8.2% respectively and for the high control (30.0: 3.8) were 14.1 

and 15.5% respectively.

The mean recovery of intact or des 31, 32 proinsulin added to plasma 

samples estimated to contain 3.9, 15.6 and 31.5 pmol.l'^ were 89.0, 98.6 

and 87.9% for intact proinsulin and 88.3, 99.8 and 101.4% for des 31, 32 

proinsulin.

4.4.3 I£MA for intact and des 31, 32 proinsulin:

A6 and PEPOOl were successfully conjugated to alkaline phosphatase.

Both enzyme labelled antibodies were used diluted 1 in 4000 in the assays.

The sensitivity of the intact and des 31, 32 proinsulin assays were 0.5 and 

0.2pmol.l'^ respectively. There was no cross-reaction with insulin or des 

31, 32 proinsulin in the intact proinsulin assay, but 85% cross-reactivity 

with des 64, 65 proinsulin. While insulin did not cross-react in the des 31, 

32 proinsulin assay the cross-reaction with des 64, 65 proinsulin and intact 

proinsulin were 70 and 76% respectively.

When human plasma were assayed, in over 30% of the samples there was 

increased non-specific binding which could not be diluted out. The non

specific binding appeared to be due to the alkaline phosphate label. No 

further validation was carried out.

4.4.4 Microplate IRMA for intact and des 31, 32 proinsulin:
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The sensitivity of the assays as ascertained by measuring the zero standard 

20 times (mean cpm + 2 SD) was 0.12 pmol.l'^ for intact proinsulin and 

0.49 pmol.r^ for des 31, 32 proinsulin. Typical standard curves for the 

assays are shown in figures 4.8 and 4.9 respectively.

There was no cross-reactivity with human insulin (up to 2500pmol.l'^), 

IGF-1 (up to 25(X)pmol.r^) and C-peptide (up to lOOnmol.l^). There was 

no cross-reactivity with des 31, 32 proinsulin in the intact proinsulin assay, 

but 60% cross-reactivity of intact proinsulin in the des 31, 32 proinsulin 

assay.

The concentration of des 31, 32 proinsulin was calculated as follows: 

Corrected counts for des 31, 32 proinsulin=

(assayed counts for des 31, 32 proinsulin) - (0.60 x assayed counts for 

intact proinsulin)

The corrected counts were then used in the standard curve for des 31, 32 

proinsulin and the concentration of des 31, 32 proinsulin determined.

The precision of the assays are shown in Tables 4.1a and b. These 

controls were used in every assay and if control values had intra-assay CVs 

greater than 15% or inter-assay CVs of greater than 20% the assay was 

repeated.

The recovery of intact proinsulin and des 31, 32 proinsulin from matrix 

samples are shown in Tables 4.2 and 4.3. Mean recovery of intact or des 

31, 32 proinsulin added to human plasma (0.98 - 62.5 pmol.l'^) was 95.8% 

range (90.0 - 107.1%) and 94.8% range (90.0 - 100.7 %) respectively.

Stock A standards for both intact and des 31, 32 proinsulin assays were 

diluted with Tris/5 % BSA buffer and the recoveries used as an indicator of 

linearity, in the absence of samples with high proinsulin concentrations that 

may be diluted to parallel the standard curve (Tables 4.4a and b). The
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results show no deviation from linearity.

4.4.5 Displacement of by unlabelled in-house antibodies

19 antibodies that showed specificity for proinsulin were tried in this study. 

The antibodies were added and incubated overnight, prior to addition of the 

labelled A6 , and the assay was repeated with the A6 being added first 

followed by the addition of the displacing antibodies. The order of addition 

of the labelled and unlabelled antibodies did not alter the results. Five of 

the antibodies, 3F11, 2C5, IH l, 1G5 and IDIO showed over 50% 

displacement of labelled A6 (some of these shown in Fig 4.10). But when 

these antibodies were labelled with and tried directly in the assays the 

sensitivities and specificities were unacceptable. This was probably due to 

the immunoglobulin fraction containing a very small proportion of antigen 

specific antibody.

4.4.6 Immunometric assays for des 64, 65 proinsulin

lEMA assay: The assays that used plates which were coated with GP8 or 

GP12 as capture antibodies, while specific for the proinsulin-like 

molecules, were not able to discriminate between intact and des 64, 65 

proinsulin. The cross-reactivity of the intact species in the assay was not 

reduced by adsorption of the polyclonal antibodies on intact proinsulin 

coated plates. Recovery and use of the antibodies in the lEMA resulted in 

very low sensitivities and did not allow the use of the assay for measuring 

levels in normal subjects.

IRMA assay: GP12 coated plates used in an IRMA showed no cross

reaction with either insulin or des 31, 32 proinsulin, but 60% cross

reaction with intact proinsulin. The sensitivity of the assay was 0.98 

pmol.l \  Levels of the antigen in normal subjects may be lower than this 

and would therefore be undetectable. Adsorption with intact proinsulin 

lowered the sensitivity even further.
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GPS coated plates were unable to distinguish between the different 

proinsulin-like molecules even after adsorption.

GPIO coated plates showed only 25 - 30% cross-reaction with intact 

proinsulin which was reduced to less than 5% (at 250pmol.l'^) after 

adsorption of the polyclonal antibody with intact proinsulin, prior to use as 

the capture antibody. A typical; standard curve shown in Fig 4.11. The 

assay showed no cross-reaction with des 31, 32 proinsulin (up to 

250pmol.l'‘) or insulin (up to 2500pmol.l'^). The sensitivity of the assay 

was 0.12 to O.Obpmol.l \  A minimum validation was carried out due to 

the limited amount of adsorbed antibody available. Recovery of des 64, 65 

proinsulin added to human plasma or 5% BSA/ Tris buffer (n= 5) at 2.5 

pmol.l^ was 98.4% range 92 - 105%, at 7.6 pmol.l'^ was 89.0 range 84 - 

95% and at 16.0pmol.l  ̂was 102.8% range 98 to 104 %. The inter and 

intra-assay CVs at 3.0pmol.l  ̂were 12.3 and 9.3, at 8.5 pmol.l'^ were 7.4 

and 8.2 % and at 15.6 pmol.l'^ were 6.9 and 11.0% respectively.

4.4.7 External validation of assays

No external validation of the des 64, 65 proinsulin assay was possible due 

to the limited number of centres capable of measuring the antigen in patient 

samples.

Validation of the intact and des 31, 32 proinsulin microplate IRMAs were 

carried out against cellulose IRMA and HPLC. Mean intact and des 31, 32 

proinsulin concentrations obtained by the different methods are shown in 

Table 4.5. There were no statistically significant differences between the 

levels of the antigens measured by the methods, in either the fasting or the 

stimulated states. Comparison of results obtained for the fasting and 30min 

samples by the microplate IRMAs (y) with those assayed by the cellulose 

IRMAs (x), or HPLC, yielded the following regression lines:

Intact proinsulin:
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IRMA (mkmpW =  0.87 IRMA ,„uulose) +  1.20

IRMA = 1.09 HPLC - 0.50

Des 31, 32 proinsulin:

IRMA (Mcr<Ti.K) = 1.06 IRMA + 0.92

IRMA = 0.74 HPLC + 0.30

n =  25: r =0.95 

(Fig 4.12a)

n = 22: r =0.91 

(Fig 4.12b)

n = 24: r =0.97 

(Fig 4.12c)

n = 23: r =0.88 

(Fig4.12d)

There were no significant differences between the regression lines for the 

fasting and 30min samples (Fig 4.12).

4.5 Discussion

The microplate IRMA assays described using modified solid phase 

antibodies, show around 8 to 10 fold higher sensitivities for all the three 

proinsulin-like molecules studied, compared with those possible utilising the 

aminocellulose bound antibodies or the corresponding lEMAs. This 

increased sensitivity would allow these assays to be applied to study the 

levels of these molecules in normal subjects.

The poor performance of the lEMAs may have been due to inadequately 

purified antibody-alkaline phosphatase conjugates. If the conjugate 

contained a high percentage of unlabelled antibody or enzyme this could 

account for both the increased levels of non-specific binding as well as low 

sensitivity. Also improvements in the amplifier and substrates for the 

lEMA may have lead to increased sensitivity. Conversely the differences
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in the specificities seen between the IRMA and lEMA may be due the 

nature of the enzyme-antibody conjugate as opposed to the radio labelled 

antibody. The position of the label, ie the amino acids involved, may 

account for the different specificities. The differences in the sensitivities 

seen between the microplate IRMA and the cellulose IRMA may be simply 

due to the increased wash efficiencies possible with the plate format. In the 

intact proinsulin assay the cross-reactivity with des 64, 65 proinsulin was 

slightly higher than those published for the cellulose IRMA 78% and 66% 

respectively). On the other hand, in the des 31, 32 proinsulin assay the 

cross-reactivity with intact proinsulin was lower (60% and 84% 

respectively) while that with des 64, 65 proinsulin was similar (54% and 

60% respectively).

The methodology described here is very easy to set up and allows the 

processing of large numbers of samples. It also lends itself more readily to 

automation. The format also allows modification of the detection system 

by replacing the radiolabel with an enzyme label. Even though in this 

study the lEMA was less sensitive than the IRMA others have shown that 

with further optimisation, sensitivities as low as 0 .02pmol.l'^ may be 

achieved with microplate lEMAs (Cook and Self, 1993). This may be 

particularly relevant for the des 64, 65 proinsulin assay where further 

improvements in sensitivity would increase the applicability of the assay.

The comparison of the results obtained using microplate IRMA with those 

employing the cellulose IRMA and HPLC methods, and in fasting, as well 

as stimulated samples, show good correlation (Mohamed-Ali et al, 1996). 

The HPLC method seems to read higher for the des 31,32 proinsulin than 

the microplate IRMA Some of the discrepancies may arise because of 

differing lengths of storage of the samples. The microplate IRMA was 

carried out a year after the cellulose IRMA and HPLC. The effect of the 

prolonged freezing on microplate IRMA results are not known, but do not 

appear to have adversely affected the correlation.
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In conclusion, this study has given rise to microplate IRMAs for intact, des 

31, 32 and des 64, 65 proinsulin, which are simple and sensitive and which 

use a methodology which may be applied to the processing of large 

numbers of samples.
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Table 4.1a; Intra-and inter-assay precision for intact proinsulin microplate IRMA:

Intra-assay Inter-assay

Control n X (SD) CV % Control n X (SD) CV %

I 11 2.9 (0.63) 7.8 I 15 2.6(0.54) 21.0

II 14 11.3(1.15) 10.1 n 14 10.7(1.03) 9.6

III 11 34.7(4.22) 12.1 ni 12 33.1(2.44) 7.4
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Table 4.1b; Intra-and inter-assay precision for des 31, 32 proinsulin microplate IRMA:

Intra-assay

Control n X (SD) CV %

Inter-assay

Control n X (SD) CV %

I 16 3.3 (0.4.2) 12.8 I 15 3.5(0.55) 15.9

II 16 11.8(1.09) 9.3 II 15 13.5(2.04) 15.0

III 16 23.5(2.70) 11.6 m 15 25.5(3.31) 12.9
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Table 4.2; Recovery of intact proinsulin from matrix samples:

pmol.l'^ 62.5 31.3 15.6 7.8 3.9 1.95 0.98 Neat Afen%

Read 66.0 38.3 23.7 15.1 11.6 9.8 8.7 7.7

1 Exp 70.2 39.0 23.3 15.5 11.6 9.7 8.7

%rec 94.0 98.2 102 97.2 100 101 99.8 98.9

Read 62.7 36.9 21.2 13.9 9.0 8.2 7.7 6.8

2 Exp 69.3 38.0 22.4 14.6 10.7 8.7 7.8

%rec 90.5 97.1 94.6 95.2 84.4 93.5 99.6 93.6

Read 69.3 33.0 18.0 9.4 5.6 3.4 2.4 2.0

3 Exp 64.5 33.3 17.6 9.83 5.93 3.98 3.0

%rec 107 99.1 102 96.0 93.6 86.4 78.4 94.6

Read 76.7 38.6 19.3 12.4 6.6 5.0 3.8 2.9

4 Exp 65.4 34.1 18.5 10.7 6.8 4.8 3.9

%rec 117 113 104 115 97.8 104 99 107.1

Read 65.1 31.5 18.4 8.1 4.3 3.0 1.9 1.5

5 Exp 64.0 32.8 17.1 9.3 5.4 3.5 2.5

%rec 102 96.1 108 87.2 78.4 86.5 77 90.7

Read 66.2 31.6 15.4 8.0 5.7 4.4 3..3 2.7

6 Exp 65.2 33.9 18.3 10.5 6.6 4.6 3.6

%rec 102 93.2 84.2 76.2 86.1 96.3 91.8 90.0

Read : concentration as determined by assay; Exp: expected recovery by calculation 

% rec: % recovery
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Table 4.3; Recovery of des 31, 32 proinsulin from matrix samples:

pmol.l^ 62.5 31.3 15.6 7.8 3.9 1.95 0.98 Neat ~Mean%

Read 67.3 46.4 26.4 19.7 14.4 12.5 11.3 10.6

1 Exp 73.1 41.9 26.2 18.4 14.5 12.6 11.6

%rec 92 110 101 107 99 99 97 100.7

Read 66.0 41.3 22.6 16.5 12.0 10.8 8.9 8.8

2 Exp 71.3 40.1 24.4 16.6 12.7 10.8 9.8

%rec 93 102 93 99 94 100 91 96.0

Read 58.9 31.0 15.2 8.7 5.0 3.4 2.3 1.4

3 Exp 63.9 32.7 17.0 9.2 5.3 3.4 2.4

%rec 92 95 89 95 94 100 96 94.4

Read 65.9 32.2 15.9 8.3 6.2 4.1 3.0 2.2

4 Exp 64.7 33.5 17.8 10.0 6.1 4.2 3.2

%rec 102 96 89 83 102 98 94 94.8

Read 51.2 27.1 13.7 8.8 5.4 3.7 2.3 1.5

5 Exp 64.0 32.8 17.1 9.3 5.4 3.5 2.5

%rec 80 83 80 95 100 106 92 90.9

Read 50.9 28.9 15.5 10.2 6.4 4.6 3.8 2.7

6 Exp 65.2 34.0 18.3 10.5 6.6 4.7 3.7

%rec 78 85 85 97 97 98 103 91.9

Mean % recovery = 94.8%

Read : concentration as determined by assay; Exp: expected recovery by calculation 

% rec: % recovery
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Table 4.4a; Recovery of intact proinsulin from 5% BSA

Std (pM) 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98

5% BSA (pM) 105 56.3 27.3 13.5 7.3 4.0 1.69 1.16

% rec 84 90 87 87 94 105 87 118
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Table 4.4b: Recovery of des 31, 32 proinsulin from 5% BSA

Std (pM) 125 62.5 31.25 15.6 7.8 3.9 1.95 0.98

5% BSA (pM) 124 65.1 28.3 14.9 7.3 4.2 2.0 1.0

% rec 99 104 91 96 94 108 102 102
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Table 4.5; Intact and des 31, 32 proinsulin concentrations (pmol.l ̂ ) determined by the different methods

Intact proinsulin Des 31, 32 proinsulin

Fasting 30 min Fasting 30 min

HPLC 8.5 (4.8 -18.8) 11.0(7.0- 19.0) 11.5 (5.0-21.0) 15.0 (11.0-25.0)
n =22 n=23 n =22 n=23

IRMA cellulose 7.6 (5.4 - 13.5) 9.8 (7.8-16.5) 8.2 (2.0-14.5) 10.0(6.9-19.0)
n=25 n=25 n=25 n=25

IRMA microplate 7.9 (4.6-15.4) 11.4(7.4-18.5) 8.9(2.5-16.6) 10.4(6.8-19.4)
n=25 n=24 n=24 n=25

Results are shown as median (and interquartile range). The n values vary because of insufficient sample volumes.



Figure 4.1
Saturation immunoassay
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Figure 4.2
Immunometric assay
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Figure 4.3:
Calibration curve for protein estimation
modified Lowry Method
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F ig u r e  4 . 4 :
lodination of anti-proinsulin antibody, A6 
Sephadex G-25 purification
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Figure 4.5:
lodination of anti-C-peptide antibody, PEP001 
Sephadex G-25 purification
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Figure 4.6:
Calibration curve for intact proinsulin IRMA (cellulose)

4.5

a.

o 3.5
ü
O

d T

0.8 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5 1.8

Log concentration

141F



Figure 4.7:
Calibration curve for des 31,32 proinsulin IRMA 
(celluiose)

4.5

c

E
CD
Q.
if)
C
D
O
Ü
o

O)
O
_J

0.8 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5 1.8

Log concentration

141G



Figure 4 .8 :
Calibration curve for intact proinsulin IRMA
(m icrop la te)
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Figure 4 .9
Calibration curve for d es  3 1 , 3 2  proinsulin IRMA
(m icrop la te)
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Figure 4 .10:Displacement of anti-proinsulin antibody, A6, by various in-house antibodies

0 20 40 60 80 100 120 140 160 180 200 220 240
Intact proinsulin (pmol.M)

- g -  A6 

1A2 

^  1D4

A  1 0 5  
^  1D7

- 0 -  1D10  

IE6

4D2  
4F6 

4G2

-B - IH1

1411



Figure 4.11 :
Calibration curve for des  6 4 ,6 5  proinsulin IRMA
(m icropla te )
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Figure 4.12: Correlation of levels of proinsulin-like molecules measured by microplate IRMA, cellulose IRMA 

and HPLC
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CHAPTER 5

Applications of assays for proinsulin-like molecules
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5.1 Introduction

Despite the fact that it has been known for nearly 30 years that the 

biosynthesis of insulin proceeds via the proteolytic cleavage of a single

chain polypeptide precursor, proinsulin, much remains unclear regarding 

the physiological significance of the prohormone and its conversion 

intermediates in the circulation.

The conversion of proinsulin to insulin occurs via a branched pathway 

generating intermediates which include Arg 65/ Gly 66-split proinsulin,

Arg 32/Glu 33-split proinsulin, des-Lys 64, Arg 65-proinsulin and des Arg 

31, Arg 32-proinsulin (Fig 1.2; Given et al, 1985). Data from several 

early studies have shown the presence of proinsulin and it related forms, 

both in vitro, using isolated pancreatic islets (Steiner et al, 1969) or using 

commercially available proteolytic enzymes (Kemmler et al, 1972) and, in 

vivo in human insulinomas (Oyer et al, 1971; Gutman et al, 1971) and in 

human serum (Sherman et al, 1971; De Haen et al, 1978), . The 

availability of biosynthetic human proinsulin allowed further studies into 

the biological, biochemical and clinical importance of the prohormone 

(Revers et al, 1984a,b; Bergenstal et al, 1984). Also, this enabled the 

development of assays for proinsulin (Rainbow et al, 1979; Cohen et al, 

1985; Cohen et al, 1986). All of these early assays, while able to 

discriminate between insulin, C-peptide and the proinsulins, were not 

specific for the various proinsulin-like molecules and measured the total 

proinsulin-like component. The more specific measures involved a 

combination of isocratic, reverse phase high performance liquid 

chromatography (HPLC), followed by specific radioimmunoassays for 

insulin, C-peptide and proinsulin (Given et al, 1985; Oyer et al, 1971; 

Linde et al, 1991). In 1989 Sobey et al, using insulin and proinsulin as 

immunogens, raised a panel of monoclonal antibodies which were used in 

2-site immunoradiometric assays for insulin, intact proinsulin and the split 

products (Sobey et al, 1989).
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All these improvements in the detection of the specific proinsulin-like 

molecules have allowed some insight into the role of high circulating levels 

of the proinsulin-like molecules in different pathological states such as non

insulin dependent diabetes, impaired glucose tolerance, in subjects with 

insulinomas and as a cardiovascular risk factor.

The aim of this study was to apply the assays developed for intact 

proinsulin, des 31, 32 proinsulin and des 64, 65 proinsulin to a range of 

subject groups in order to study their levels and relevance in different 

conditions where they may be expected to have a pathological role.

The studies outlined include examining the role of the proinsulin-like 

molecules in the following situations:

1. In non diabetic subjects, Asian and Caucasian, with normal and 

impaired glucose tolerance (Studies lA and IB),

2. In subjects with non-insulin dependent diabetes (Study 2),

3. In response to hypoglycaemic therapy (Studies 3A and 3B),

4. In diabetic and non diabetic cirrhotic subjects (Study 4),

5. The relationship of concentrations of proinsulin-like molecules 

with PAI-1 (Studies 5A and 5B),

6 . The relationship of proinsulin-like molecules with IGFs (IGF-1 

and 2) and their binding proteins (IGFBP-1 and 3) (Study 6),

7. In subjects with insulinomas (Study 7).

In the studies 1 to 6 intact and des 31, 32 proinsulin concentrations were 

determined, but in the subjects with insulinomas the levels of all three 

proinsulins, intact, des 31,32 and des 64, 65 proinsulin, were ascertained.

5.2 Subjects and methods

Several different studies and subject groups are described in whom levels 

of proinsulin-like molecules were measured. The studies were designed to
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look at the role of proinsulin-like molecules in non-diabetic subjects, in 

Asians and Caucasians, their interaction with other cardiovascular risk 

factors, their interaction with plasminogen activator inhibitor type-1 (PAI-

1), effect of hypoglycaemic therapy, the interaction with insulin-like growth 

factors and their binding proteins, as a marker for jS-cell dysfunction in 

diabetic and non-diabetic cirrhotic subjects and their contribution to the 

hyperinsulinaemia in subjects with histologically proven insulinomas.

Approval for all the following studies were granted by the local Ethics 

Committee, and all subjects provided either written or oral informed 

consent prior to participation.

5.2.1 Proinsulins in non-diabetic subjects - Study 1

Two studies are described. The first study (study lA) examined the 

relationship of levels of insulin, intact proinsulin and des 31, 32 proinsulin 

to cardiovascular risk factors, such as blood pressure, lipids, fibrinogen, 

factor VII and albumin excretion rate, in 270 Europid subjects with normal 

glucose tolerance(Mohamed-Ali et al, 1995). The second study (study IB) 

examined the contribution of the intact and des 31,32 proinsulin molecules 

to hyperinsulinaemia in Asian and Caucasian non-diabetic subjects with 

normal and impaired glucose tolerance (Nagi et al, 1996).

5.2.1.1 Proinsulins and cardiovascular risk in non-diabetic subjects - 

study lA

Subjects: The subjects were a subset obtained from a population of 1046 

studied, registered at a general practise in north London (Gould et al,

1993).

Patient recruitment and screening were carried out by Ms Main Gould. 

Blood pressure was measured with a random zero sphygmomanometer 

(Hawksley Gelman, Lancing, Sussex, UK) on two occasions, the first after 

registration and the second during an oral glucose tolerance test. Diastolic 

blood pressure was taken as the fifth Korotkoff sound. The mean of the
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two measurements was used in the analyses.

Body mass index (BMI) was calculated as the weight (kg) divided by the 

square of the height (m̂  ).

Blood samples: Twenty ml of venous blood was drawn after an overnight 

fast for measurements of plasma glucose, lipids, fibrinogen, factor VII and 

the insulin-like molecules.

A 75g glucose load (Fortical, Cow and Gate, Trowbridge, Wiltshire, UK) 

was then given and further blood samples were taken after 2h for 

estimation of glucose and insulin. Glucose intolerance was diagnosed by 

World Health Organisation criteria (WHO, 1985).

Subjects provided two timed urine samples, one during the two hours of the 

glucose tolerance test and the other as a timed overnight collection, for 

measurement of albumin excretion rate.

Plasma glucose concentration was assayed with glucose oxidase reagent 

(Beckman, Brea, CA, USA) on a glucose analyser 2 (Beckman, Brea, CA, 

USA).

Serum triglycerides and total cholesterol were assayed enzymatically with 

commercial reagents (total-cholesterol: Boehringer-Mannheim, Lewes, 

Sussex, UK and triglycerides: Roche Diagnostics, Hatfield, Herts, UK). 

HDL-cholesterol was measured by the same method after the low density 

lipoproteins had been quantitatively precipitated out by the addition of 

phosphotungstic acid in the presence of magnesium ions. LDL-cholesterol 

was calculated using the Friedewald formula (Friedewald et al, 1972). All 

these lipid assays were performed by Chemical Pathology, Whittington 

Hospital, London.
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Fibrinogen concentration was measured using a modified Clauss method ( 

Boehringer-Mannheim, Lewes, Sussex, UK).

Factor VII activity was assessed utilising factor VII deficient plasma 

(Withington Hospital, Manchester, UK).

Urinary albumin concentration was measured by an in-house modified, 

competitive radioimmunoassay (Chesham et al, 1986), and validated against 

a commercial radioimmunoassay (r=0.96; Pharmacia-LKB, Milton Keynes, 

Bucks, UK), from which an albumin excretion rate was calculated as 

follows:

{cone in ^g.ml  ̂ 4- time in min x volume in ml } /Lig.min'̂  .

Insulin was assayed using an in-house immunoenzymometric assay (lEMA) 

based on commercially available antibodies 14B, specific for insulin, and 

3B1, which cross-reacts with insulin and proinsulin (Serono Diagnostics, 

Woking, Surrey, UK; Sobey et al, 1989). Insulin was captured with 14B 

and detected with 3B1-alkaline phosphatase conjugate, using the 

amplification system described by Johannson et al, (Johannson et al, 1985). 

Insulin standard was supplied by NIBSC (Potters Bar, Herts, UK). The 

assay detected down to 3pmol.l^ with intra and inter assay coefficients of 

variations (CVs) of 7.9 and 14.3% respectively (Mohamed-Ali et al, 1995).

Intact proinsulin and des 31, 32 proinsulin were measured by microplate 

IRMAs as described in Chapter 4.

Statistical analyses: The data were entered into a computer database using 

Smartware II software package and analyzed using the Statistical Package 

for Social Sciences (SPSS). Insulin, intact proinsulin, factor VII and 

triglyceride concentrations and albumin excretion rate were log transformed 

to improve normality. Correlation coefficients and partial correlation 

coefficients were used to assess the strength of independent associations
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between different variables and concentrations of insulin and proinsulin-like 

molecules while correcting for confounding variables. Separate multiple 

regression analyses for associations of intact and des 31, 32 proinsulin 

molecules were performed on the subset of subjects for whom all variables 

were complete (n=218). The association of BMI with insulin-like 

molecules was different in males and females and this was corrected for by 

using an interaction term (sex*BMI) in all subsequent analyses. P < 0.05 

was statistically significant.

5.2.1.2 Proinsulins and hvperinsulinaemia in non-diabetic subjects - 

study IB

Subjects: Asian subjects were randomly selected from a register of an 

Ismaili Asian community in London and invited to participate in the study 

by mail. Eligibility was ascertained by a simple questionnaire. Of a total 

of 196 subjects contacted (103M:93F) 58% agreed to participate in the 

study. These subjects were age and sex matched with Caucasian volunteers 

registered at a local general practise. The study age range was 35 to 70 

years, and those outside this range were excluded as were those with a 

clinical history of myocardial infarction, angina pectoris, or intermittent 

claudication; those taking thiazide diuretics or oral contraceptive pills; and 

those who were pregnant. The final study population consisted of 98 Asian 

and 80 white subjects.

Patient recruitment and screening were carried out by Dr Dinesh Nagi.

An oral glucose tolerance test, BMI and assays for glucose, insulin, intact 

proinsulin and des 31,32 proinsulin were all done as in section 5.2.1.1.

Waist measurement was recorded in triplicate at the level of the umbilicus, 

and hip circumference was measured in triplicate at the site of the greater 

trochanter and waist-to-hip ratio calculated (WHR). Subscapular skin-fold 

thickness and triceps skinfold thickness measurements were performed 

using Holtain calipers (Holtain, Cross well, Dyfedd, UK). Subscapular 

skinfold ratio was calculated.
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In addition samples were assayed for C-peptide using a commercial 

radioimmunoassay kit based on a polyclonal anti-human C-peptide 

antibody, K6 (Novo Nordisk, Basingstoke, Hants, UK). The assay showed 

75% cross-reactivity with proinsulin, and had intra and interassay CVs of 

4.7 and 8 .8%.

Statistical analyses: Values are expressed as means ±  SD for normally 

distributed data or median (range) for skewed data. The ratio of 

proinsulin-like molecules was calculated as intact proinsulin plus des 31, 32 

proinsulin divided by the sum of all insulin-like molecules. To compare 

the two ethnic groups. Student’s unpaired t tests for normally distributed 

data and Mann-Whitney U tests for skewed data were used. Analysis of 

variance was used to study the relationship of variables while controlling 

for the confounding effect of others.

5.2.2 Proinsuliiis in subjects with non-insulin-dependent diabetes - 

study 2

This study was to examine the relationship between ambulatory blood 

pressure, insulin sensitivity, levels of insulin, intact proinsulin and des 31, 

32 proinsulin in subjects with non-insulin-dependent diabetes (Pinkney et 

al, 1994).

Patient recruitment and screening were carried out by Dr Jon Pinkney. 

Subjects: Twenty-four subjects with non-insulin-dependent diabetes; 20 

male, 4 female; 18 white, 3 Afro-caribbean, 3 South Asian, were recruited 

for the study from the Diabetic Clinic at the Whittington Hospital, London, 

UK. Subject characteristics are shown in table 5.1.

HbAl was measured using electroendosmosis (Coming, Palo Alto, CA, 

USA) with intra and interassay CVs of 3.0 and 5.5% respectively and 

carried out by Chemical Pathology, Whittington Hospital, London.

Ambulatory blood pressure: Twenty-four hour ambulatory blood pressure
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recordings were performed using the auscultatory technique (Takeda TM- 

2420 monitoring system, A & D Instruments). Patients were given diaries 

to record their activities. Recordings were taken every 15 minutes during 

the day and every 30 minutes at night (11PM to 7AM). Day, night and 

24h mean systolic and diastolic blood pressures were calculated based on 

sleeping and waking times recorded in the patients’ diaries. Clinic blood 

pressures were carried out three times, 1 minute apart, as described earlier.

Insulin Resistance: Insulin resistance was measured by an insulin 

sensitivity test performed after an overnight fast, with 150-minute 

continuous infusion of glucose (6mg.kg'\min'^) and human soluble insulin 

(Actrapid, Novo Nordisk, Basingstoke, Hants, UK; 0.05 U.kg'\h'^) 

according to the method of Harano et al, (Harano et al, 1977) with the 

previously suggested modifications (Heine et al, 1985). The right 

antecubital vein was cannulated for insulin and glucose infusions, and a left 

distal forearm vein was cannulated retrogradely for sampling of venous 

blood arterialized by warming the arm to 45° in an insulated blanket. 

Arterialized venous blood glucose was sampled at baseline and then 

checked every 15 minutes (Reflolux, Boehringer Mannheim, Lewes,

Sussex, UK) throughout the procedure. From 120 to 150 minutes, steady 

state, venous blood was collected every 5minutes for assay of plasma 

glucose as described in section 5.2.1.1. Insulin sensitivity was calculated 

as glucose disposal (metabolic clearance rate; MCR; in ml.kg'^ .min^ ) 

during steady state plasma glucose according to the formula:

Glucose Infusion Rate / Steady-state Plasma Glucose.

Statistical analyses: Data were analyzed first by linear regression analyses 

in the whole population , and second by comparing the subjects 

dichotomised on the basis of 24-hour mean ambulatory blood pressure 

below and above the median of ISSmmHg (group 1 and group 2 

respectively). Correlations are expressed as Pearson correlation 

coefficients (r) and inter-group comparisons made with Student’s t test for
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normally distributed and Mann-Whitney U test for skewed data. The 

relative contributions of the other variables to the relations observed 

between blood pressure indexes and insulin resistance were examined by 

multiple regression analyses.

5.2.3 Proinsulins and hypoglycaemic therapy - study 3

Two studies are described here. The first study (study 3A) examined the 

effects of 3 oral hypoglycaemic agents, metformin (a biguanide) and 

glibenclamide and glimepiride (both sulphonylureas), on the levels of 

proinsulin-like molecules (Nagi et al, 1996). The second study (study 3B) 

investigated the effect of sulphonlyurea versus insulin treatment on the 

levels of proinsulin-like molecules, insulin sensitivity and other 

cardiovascular risk factors.

5.2.3.1 Effects of metformin versus sulphonvlturea on proinsulins and 

cardiovascular risk factors - study 3A

Subjects and study design: Two separate trials were carried out.

Metformin versus glibenclamide: In the first trial the effects of metformin 

on glycaemia, insulin resistance and cardiovascular risk factors were 

assessed in 27 (19M:8F), subjects with NIDDM, mean age 53.5(SD9.9) yrs 

and median duration of diabetes 5 (range 1 to 20)yrs. Subjects were 

randomised to metformin (850 mg tablets) or placebo, 1 tablet daily (1 

week), 2 tablets daily (5 weeks) and 3 tablets daily (6 weeks) in a double

blind cross-over fashion.

Patient recruitment and screening were carried out by Dr Dinesh Nagi. 

Determinations of all the parameters studied were carried out at baseline 

after 2 weeks of run in period and at 12 weeks for each treatment phase.

Glibenclamide versus glimepiride: The effects of glibenclamide on levels 

of proinsulin-like molecules were determined in a placebo-controlled study 

comparing the efficacy of this drug with that of another sulphonylurea, 

glimepiride. In this study 30 subjects, (17M:13F) mean age 61.3 (SD 7.2)
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yrs with mean duration of diabetes of 7.5 (range 1 to 21) yrs, were given 

placebo for 3 days and evaluated before being randomised in a double-blind 

fashion to placebo 4- glibenclamide or placebo -I- glimepiride, and then 

crossed over after a period of four weeks. Starting dose of glibenclamide 

or glimepiride was determined by the dose of pre-trial medication.

Subjects were seen three times at weekly intervals for dose titration if 

fasting plasma glucose remained > 7 . 0  mmol'  ̂ or symptoms suggestive of 

hypoglycaemia were experienced.

For comparison with the metformin data, the study parameters were 

compared at baseline ie. three days after placebo, with those after the end 

of the glibenclamide period.

Measurements of fasting plasma insulin, proinsulin, and lipids were 

determined as described above.

Measurement of fibrinolytic components: Plasminogen activator inhibitor 

type-1 (PAI-1) activity was measured by a chromogenic method using a 

commercial kit (Spectrolyse, Biopool, Umeâ, Sweden). The intra and 

interassay CVs were 6.5 and 8.5%. The kit detects to 5AU.ml‘* . PAI-1 

antigen was determined by ELISA (Tint-Blize PAI-1, Biopool, Umea, 

Sweden). The assay does not discriminate between the tPA-PAI-1 

complexed, free active and latent antigens, with intra and interassay CVs of 

2.0 and 6 .8% respectively. t-PA antigen was assayed using a commercial 

kit (Tint-Elize t-PA, Biopool, Umea, Sweden). The assay detects both 

active and complexed forms of single-chain and two-chain t-PA and has 

intra and interassay CVs of 4.0 and 6.0% respectively.

Statistical analyses: To assess the effect of the treatments the differences 

between the variables after metformin or glibenclamide and placebo were 

analyzed by Student’s paired t tests for normally and by Wilcoxon’s rank 

sum test for skewed data. Correlations between changes in different
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variables were analyzed using Spearman rank correlation as all data for 

insulin-like molecules were skewed. The sum of the three molecules was 

calculated as the mathematical sum of fasting insulin, intact proinsulin and 

des 31, 32 proinsulin. Proinsulin-like molecules to sum ratio was 

calculated by dividing the sum of intact and des 31, 32 proinsulin by sum 

of concentrations of all insulin-like molecules. In addition, the ratio of 

intact to des 31, 32 proinsulin was calculated to see if there was a 

differential effect of treatment on either of these molecules. Relative 

changes in concentrations were calculated taking into account those after 

placebo treatment and expressed as percent change.

5.2.3.2 Effects of insulin versus sulphonylurea on proinsulins and 

cardiovascular risk factors - study 3B

This study was designed to examine the separate contributions of improved 

glycaemic control versus therapy on cardiovascular risk factors, including 

PAI-1 and proinsulin-like molecules, and to see whether treatment with 

sulphonylurea and insulin produce stimulation or suppression of proinsulin

like molecules, and consequently changes in PAI-1.

Patient recruitment and screening were carried out by Dr Arshia Panahloo. 

Study design: Subjects were give insulin (once or twice daily pre-mixed 

human soluble and isophane 30:70; Humulin M3, Lilly, Indianapolis, USA) 

or sulphonylurea (glibenclamide), once or twice daily, each for a period of 

16 weeks in a randomised cross-over study, with a four week washout 

period between each treatment. Subjects were asked to perform fasting and 

pre-supper home blood glucose monitoring, and dosage adjustments were 

made over the telephone every 3 to 4 days. In addition each subject was 

seen weekly, for the first 4 weeks, and then monthly to adjust therapy and 

to measure the fasting plasma glucose concentrations in order to achieve 

fasting normoglycaemia. Insulin was commenced at lOU/day for subjects 

of ideal body weight, with dosage increase of 25% for each 10% over ideal 

body weight, and the dose was increased by 2 U/day according to home 

blood glucose monitoring. Glibenclamide was started at 2.5 mg/day, and
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increased by 2.5 mg increments according to home blood glucose 

monitoring to a maximum of 20mg/day.

Subjects were studied on 4 occasions:

Visit 1 : baseline (Bl)

Visit 2 : after 16 weeks treatment with sulphonylurea or insulin 

Visit 3 : after a 4 week washout period (second baseline, B2)

Visit 4 : after 16 weeks treatment with insulin or sulphonylurea

Anthropometric measures and assays were done as described above. All 

comparisons with BI.

Statistical analyses: using the same analyses as for the study above.

5.2.4 Proinsulins in cirrhotic subjects - study 4

This study investigated the levels of proinsulin-like molecules in diabetic 

and non-diabetic subjects with cirrhosis (Kruszynska et al, 1995).

Subjects: Fifteen stable, biopsy-proven, alcoholic cirrhotic patients with 

and without overt diabetes were recruited. Clinical characteristics of the 

subjects are shown in Table 5.2. The non diabetic cirrhotic subjects (n=7) 

had a normal fasting blood glucose. Diabetic cirrhotic patients (n= 8) were 

on treatment with oral hypoglycaemic agents and a weight maintaining diet 

in which at least 50% of energy was derived from carbohydrate 

(»250g/d). They had fasting blood glucose concentrations on treatment 

greater than 6.7mmol.l'\ Six of the non-diabetic and seven of the diabetic 

subjects showed marked insulin insensitivity by the euglycaemic clamp and 

by minimal model methods (Kruszynska et al, 1991; Kruszynska et al, 

1993). Three non diabetic cirrhotic and four diabetic cirrhotic subjects 

were taking spironolactone, but none had ascites at the time of study.

Eight normal control subjects were also studied. None of the subjects were 

on treatment known to affect glucose tolerance, other than the oral
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hypoglycaemic agents shown in Table 5.2. Twelve patients had 

oesophageal varices on endoscopy, of whom eight had previously bled from 

varices, but not in the 3 months preceding the study. Patients with 

alcoholic cirrhosis had abstained from alcohol for at least 2 months before 

the study. Diabetic patients were asked to continue their usual diet but to 

stop taking their oral hypoglycaemic agents 3 days before study. Control 

and non diabetic subjects consumed a diet containing at least 200g 

carbohydrate per day.

Patient recruitment and screening were carried out by Dr Yolante 

Kruszynska.

Oral glucose tolerance test was performed as described above (Section 

5.2.1.1). Samples were taken fasting and at 15 minute intervals 

postprandially until 60 minutes and then at 30 minute intervals until 180 

minutes, for estimation of glucose and insulin concentrations. Levels of 

intact and des 31, 32 proinsulin were assayed in the basal, 60, 120 and 

180min samples.

Immunoreactive insulin was estimated using a commercial 

radioimmunoassay kit (Novo Nordisk, Basingstoke, UK) based on a

polyclonal anti-insulin antibody which shows 100% cross-reactivity with the

proinsulins and has intra and interassay CVs of 6.8 and 7.9% respectively.

All other antigens were assayed as described above and data analyzed using 

the tests described for the studies above.

5.2.5 Proinsulins and PAI-1 - study 5

The following studies looked at various aspects of the relationship of the 

proinsulin-like molecules to PAI-1. The first study (study 5A) examined 

the relationship of proinsulins and PAI-1 activity in Asian and Caucasian 

subjects with impaired glucose tolerance or NIDDM (Nagi et al, 1996).

The second study (study 5B) investigated the role of proinsulins in 

determining PAI-1 activity in survivors of myocardial infarction (Gray et
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al, 1995).

5.2.5.1 Proinsulins and PAI-1 in Asians and Caucasians- study 5A

Subjects: The non-diabetic subjects were the same as those described in 

section 5.2.1.2. Diabetic subjects were selected at random from diet 

treated patients attending the Whittington Hospital diabetic clinic and 34 

South Asians and 47 Caucasians took part in the study.

All sampling details anthropometric measurements and assays have been 

described above.

Patient recruitment and screening were carried out by Dr Arshia Panahloo.

5.2.5.2 Proinsulins and PAI-1 in survivors of myocardial infarction- 

study 5B

Subjects: Seventy four male, Caucasian subjects, all who had a confirmed 

myocardial infarction (WHO criteria, 1976) between 6 and 24 months 

previously were studied. Twenty four were diabetic, of whom 22 had been 

previously diagnosed with a median duration of 3.5 years (range 9 months 

to 15 years) and 2 were newly diagnosed at the time of the study. All the 

diabetic patients were NIDDM, 12 were controlled by diet alone and 10 

were on oreil hypoglycaemic agents (9 sulphonylurea and 1 on 

sulphonylurea plus metformin).

Patient recruitment and screening were carried out by Dr Rosaire Gray.

All assays were performed as described above.

5.2.6 Proinsulins and their correlation with IGF and IGFBPs - 

study 6

The insulin-like growth factors (IGF) molecules share a high level of 

sequence homology with the proinsulin-like molecules. Also in NIDDM 

insulin secretion abnormalities may affect regulation of the IGF axis. This 

study examined the relationship between IGFs, their binding proteins, 

(IGFBPs 1 to 6), and the proinsulins.
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Subjects: Eighty NIDDM subjects attending the out-patient clinic at the 

Whittington Hospital were studied (56 M: 26 F). NIDDM was defined as 

non-insulin requiring, non-ketoses prone diabetes, of at least 12 months 

duration prior to the study. Subjects with dip-stick positive proteinurea 

were excluded. The subjects were treated by diet alone or with diet and 

sulphonylurea. The study population was composed of 56 Caucasians, 11 

Afro-caribbeans, 11 South Asians and 2 of mixed race.

Patient recruitment and screening were carried out by Drs Arshia Panahloo 

and Jon Pinkney.

Insulin sensitivity and /J-cell function: Insulin sensitivity and jS-cell 

function were estimated using the homeostasis model assessment (ROMA: 

Mathews et al, 1985) based on fasting glucose and specific insulin 

concentrations. Values were expressed as percentages of a normal 

population, with 100% being assigned to normal. In insulin treated 

subjects, due to the effects of the exogenously administered insulin 

interfering with the assay and altering the physiological relationship 

between glucose levels and the insulin secreted the ROM A model.

Assays for IGF-1, IGF-2, IGFBP-1 and IGFBP-3: Serum IGF-1 and IGF-2 

were measured by radioimmunoassay following extraction of the IGFBPs 

using the formic acid/acetone method (Landin-Wilhelmsen et al, 1994) and 

then neutralised with an equal volume of IM Tris base. In the IGF-2 

assay, in order to negate any effects of residual IGFBPs in the supernatants 

25ng IGF-1 (Kabi-Pharmacia, Stockholm, Sweden) was added to each tube 

as the monoclonal antibody used in this assay (W5D2, a gift from Dr 

A.White, Manchester, UK) has no detectable cross-reactivity for IGF-1. 

IGFBP-3 and IGFBP-1 were determined by radioimmunoassays using 

polyclonal antibodies (Cheetham etal., 1994; Wang et al, 1993). All these 

assays were performed by Dr IMP Roily, University of Bristol.

5.2.7 Proinsulins in insulinomas - study 7

In this study the levels of intact proinsulin, des 31, 32 proinsulin and des
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64, 65 proinsulin were determined in plasma from 20 subjects with 

histologically proven insulinomas.

Subjects: The plasma was collected from 20 patients with histologically 

proven insulinomas between 1989 to 1994 (Prof Berger, Heinrich Heine 

University, Düsseldorf, Germany), and stored frozen at -7ŒC until assay. 

Samples were taken after a prolonged fast.

5.3 Results

5.3.1 Proinsuliiis in non-diabetic subjects - study 1

5.3.1.1 Proinsulins and cardiovascular risk factors in non-diabetic 

subjects - study lA

Of the normal glucose tolerant women screened 30% were pre-menopausal, 

60% post-menopausal, 8 % on hormone replacement therapy and 2 % on 

the oral contraceptive pill.

Characteristics of the study population are shown in table 5.3. The men in 

the population had higher intact and des 31, 32 proinsulin levels than the 

women. The fasting concentrations of all the insulin-like molecules showed 

significant correlations with age, BMI, systolic and diastolic blood 

pressure, fasting and 2-h plasma glucose, fibrinogen and all measures of 

lipids (Table 5.4). There was no association between any of the measures 

of albumin excretion rate and fasting or 2-h insulin while the association of 

intact and des 31, 32 proinsulin levels and 2-h albumin excretion rate was 

just significant.

Correlations corrected for age, BMI, sex and the interaction (sex*BMI) are 

shown in Table 5.5. Adjustments for menopausal status or hormone 

replacement therapy were without effect on the results. All lipid variables 

showed significant correlation with all insulin and proinsulin 

concentrations, total and LDL-cholesterol and triglycerides positively and 

HDL-cholesterol negatively. Fibrinogen levels correlated significantly with
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fasting insulin and with intact proinsulin. There were no significant 

associations between any of the measures of albumin excretion rate and any 

of the insulin-like molecules.

Because of the possibility that the relationships of the insulin-like molecules 

with LDL-cholesterol were the result of a significant association between 

LDL-cholesterol and triglyceride (r=0.29) the multiple regression analysis 

was repeated including triglyceride in the equation. Independent relations 

of LDL-cholesterol remained significant with intact proinsulin (r=0.13) and 

des 31, 32 proinsulin concentrations but not with fasting or 2-h insulin.

Separate multiple regression analysis models were used for intact and des 

31, 32 proinsulin submitting as independent variables concentrations of 

fasting insulin, intact proinsulin, des 31, 32 proinsulin, age, sex, BMI and 

interaction (sex*BMI), and using in turn each of the lipids or fibrinogen as 

the dependent variables (Tables 5.6 and 5.7, respectively). The variables 

that entered the model, and those that did not, are presented in the tables. 

Des 31, 32 proinsulin showed the strongest relationships with HDL- 

cholesterol (negatively), LDL-cholesterol and triglycerides, while intact 

proinsulin replaced fasting insulin in the association with fibrinogen.

5.3.1.2 Hvperinsulinaemia and proinsulins in non-diabetic subjects - 

study IB

16.3% of both the Asian subjects (16/98) and the white subjects (13/80) 

had impaired glucose tolerance. Asian subjects with normal glucose 

tolerance (n=82) were significantly thinner but had significantly higher 

STR than the white subjects (n=67). Subject characteristics are shown in 

Table 5.8.

Proinsulins in subjects with NGT: fasting intact proinsulin levels were 

significantly higher in the Asian subjects than in the white subjects and this 

difference remained significant even after controlling for age, sex, BMI,
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WHR, and STR (f=7.98, df=l ,  p=0.0005). No significant differences 

were apparent in the levels of des 31, 32 proinsulin or the sum of all 

insulin-like molecules between the Asian and white subjects. The 

proportion of proinsulin-like molecules to total insulin-like molecules was 

similar between white and Asian subjects (median 12.5%; range 1.6 - 

47.2% versus 12.5%; range 3.0 - 53.2%; p=NS).

Proinsuliiis in subjects with IGT: There were no significant differences 

in fasting and 30-min insulin concentrations, fasting intact and des31, 32 

proinsulin levels, proportion of proinsulin-like molecules, or insulin-to-C- 

peptide ratio between Asian and white subjects.

5.3.2 Proinsulins in non-insulin-dependent diabetes - study 2

Blood pressure characteristics for the subjects are shown in Table 5.9. All 

blood pressure indices were significantly higher in group 2 than in group 1.

Subjects with high ambulatory systolic blood pressure (group 2) were 

significantly more insulin resistant than those in group 1 (glucose MCR,

3.6+0.7 versus 6.5±3.0 ml.kg'\min p=0.006) but levels of insulin, 

intact proinsulin, des 31, 32 proinsulin and sum of all insulin-like 

molecules were not significantly different (Table 5.10).

For all 24 subjects, insulin accounted for 72.8% (32.0 - 95.0%) of the sum 

of insulin-like molecules. Intact and des 31, 32 proinsulin accounted for 

17.9% (4.0 - 61.0%) and 7.4% (1.0 - 18.0%) of total insulin-like 

molecules respectively.

In univariate analyses, both clinic and 24-h mean ambulatory systolic blood 

pressures were inversely correlated with glucose MCR. But the 

correlations with diastolic ambulatory blood pressure while still significant 

were weaker and those with clinic diastolic blood pressure was no longer 

significant. No significant correlations were found between any measure of
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blood pressure and fasting concentrations of insulin, its precursors or the 

sum of all insulin-like molecules (Table 5.11). However, in an analysis 

restricted to 13 Caucasian men, although similar results were obtained, with 

24-h systolic blood correlating with glucose MCR (r=-0.782; p,0.01) and 

insulin concentrations again unrelated to glucose MCR (r= -0.139; p=NS), 

concentrations of intact proinsulin and des 31, 32 proinsulin were 

significantly correlated with blood pressure (r=0.706, p<0.01 and 

r =0.617; p<0.05 respectively).

5.3.3 Proinsulins and hypoglycaemic therapy - study 3

5.3.3.1 Effect of treatment with metformin versus sulphonylurea - 

study 3A

Metformin treatment: Metformin treatment was associated with a 

significant reduction in circulating levels of intact and des 31, 32 proinsulin 

(Table 5.12 and 5.13). There were no significant changes in the absolute 

levels of specific insulin or C-peptide. The sum of proinsulin-like 

molecules and the percentage of the total proinsulin-like molecules was 

significantly lower after metformin treatment. Metformin treatment was 

also associated with a significant lowering in the ratio of proinsulins to C- 

peptide.

Changes in intact and des 31, 32 proinsulin were significantly related to 

each other (r,= 0.80, p<  0 .001) but not changes in fasting plasma glucose 

concentrations, body mass index or waist-hip ratio (Table 5.14). However 

the changes in the percentage of proinsulin-like molecules were 

significantly related to changes in concentrations of fasting plasma glucose. 

Changes in the concentrations of lipids and PAI-1 levels showed no 

significant relationship with changes in levels of proinsulin-like molecules. 

But changes in the ratio of intact to des 31, 32 proinsulin were related to 

those in total and LDL-cholesterol, although these relationships were only 

weakly significant.
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Glibenclamide treatment: Glibenclamide treatment produced a significant 

reduction in fasting plasma glucose levels but not glycated haemoglobin, at 

the end of four weeks on a mean dose of 12.8mg/day. There were no 

significant changes in plasma concentrations of specific insulin, C-peptide, 

intact or des 31, 32 proinsulin, percentage of proinsulin-like molecules, or 

the ratio of proinsulins to C-peptide (Table 5.13). Also, no significant 

relationships were observed between changes in levels of proinsulin-like 

molecules and fasting glucose, lipids or PAI-1 on treatment with 

glibenclamide (Table 5.15).

S.3.3.2 Treatment of insulin versus sulphonylurea - study 3B

Clinical characteristics of the subjects at baseline and after each treatment 

period are shown in Table 5.16. BMI was higher on both treatments than at 

baseline, but did not differ between treatments. Treatment with insulin or 

sulphonylurea produced similar improvement in glycaemia and metabolic 

clearance rate of glucose (Table 5.16).

Insulin levels, both fasting and stimulated, were higher on treatment than at 

baseline but were not significantly different between treatments (Table 

5.17). Basal and stimulated levels of intact proinsulin were higher on 

sulphonylurea than on insulin or at baseline. But, while fasting des 31, 32 

proinsulin concentrations were not significantly different between the 

treatments or compared to baseline, stimulated values on both insulin and 

sulphonylurea were higher than at baseline. C-peptide levels were also not 

affected by treatment but were elevated on sulphonylurea when compared 

to baseline.

Levels of PAI-1 activity and antigen and the t-PA antigen showed negative 

correlations with insulin sensitivity, and PAI-1 activity showed significant 

positive correlations with insulin, des 31, 32 proinsulin and C-peptide 

(Table 5.18). These correlations were similar but weaker for t-PA. The 

correlations were similar on sulphonylurea treatment but no longer apparent
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in the insulin treated group. There were no significant correlations of 

changes in PAI-1 activity or antigen with those in insulin or proinsulin-like 

molecules or with changes in insulin sensitivity between the two treatments.

5.3.4 Proinsuliiis in cirrhotic subjects - study 4

Fasting blood glucose concentrations did not differ statistically between non 

diabetic cirrhotic patients and control subjects (4.9 + /- 0.2 vs 4.5 + /- 0.1 

mmol.l'^), but were higher in diabetic cirrhotic patients (7.8 4-/- 2.2, 

p < 0.001 vs both control and non diabetic cirrhotic patients). Following 

the oral glucose load, blood glucose concentrations were significantly 

higher in both cirrhotic groups compared to controls, and were much 

higher in diabetic cirrhotic patients than in non diabetic cirrhotic patients.

Fasting serum insulin and C-peptide levels were higher in both cirrhotic 

groups (Insulin: non diabetic cirrhotics 209 + /- 48 pmol.l'^ vs diabetic 

cirrhotics 247 +/- 39 pmol.l^ : C-peptide: non diabetic cirrhotics 1.04 

+ /- 0.16 vs diabetic cirrhotics 1.15 + /- 0.15 nmol.l'^) as compared with 

control subjects (Insulin: 36 +/- 7 pmol.l^: p=0.006 and p < 0.001, 

respectively and C-peptide: 0.37 +/- 0.04, p=0.006 and p=0.002, 

respectively), but were not significantly different between diabetic and non 

diabetic cirrhotic patients. Serum insulin levels increased in non diabetic 

cirrhotic subjects post-prandially and remained raised until 180min . In 

diabetic cirrhotics the raise was markedly reduced compared with the non 

diabetic cirrhotic patients (p<0.05) but not significantly different from that 

of the controls.

Fasting levels of intact proinsulin and des 31, 32 proinsulin tended to be 

slightly raised in nondiabetic cirrhotic subjects than in controls, but the 

differences did not reach significance. Fasting serum proinsulin levels in 

diabetic cirrhotic subjects (24.0 + /- 5.7pmol.r*) were markedly higher than 

in control subjects (2.3 + /- 0.5pmol.l'\ p<  0.001) or non diabetic cirrhotic
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subjects (4.4 + /- 0.8, p < 0.005). Fasting serum levels of des 31, 32 

proinsulin were also much higher in diabetic cirrhotic patients (8.8 + /- 2.4 

pmol.l'^) than in non diabetic cirrhotic patients (2.6 + /- 0.5, p<0.02) or 

controls (0.8 + /- 0.1, p < 0.005). Fasting proinsulin and des 31, 32 

proinsulin was 12.5% +/- 1.4% of serum immunoreactive insulin in 

diabetic cirrhotic subjects which was higher than in non-diabetic cirrhotic 

subjects (3.7% + /- 0.5%, p < 0.001) or normal control subjects (7.8% + /- 

1.5%, p <  0.035). In non diabetic cirrhotic patients, the proportion of 

immunoreactive insulin due to intact and des 31, 32 proinsulin was lower 

than in controls, but the difference was not statistically significant 

(p=0.074). The fasting proinsulin to C-peptide molar ratio was 

significantly higher in diabetic cirrhotic subjects (25.1 -H/- 8.6) than in 

controls (6.3 + /- 1.4) or non diabetic cirrhotic subjects (4.9 + /- 1.4, 

p<0.05 for both), but there was no difference between the control and non 

diabetic cirrhotic subjects.

Serum levels of intact and des 31, 32 proinsulin increased in non diabetic 

cirrhotic and control subjects post glucose challenge. In diabetic cirrhotics 

there was an increase in intact proinsulin (p<0.05 for 180min vs basal), 

but the apparent increase in des 31, 32 proinsulin was statistically not 

significant. Both the absolute and proportional increases in proinsulins 

were smaller than for insulin. Proinsulin plus des 31, 32 proinsulin did not 

exceed 16.7% of the immunoreactive insulin concentration in any of the 

three groups, basally or post-prandially (Table 5.19). Concentrations of 

the proinsulins, proinsulin as a percentage of IRI and the proinsulin to C- 

peptide molar ratio correlated strongly with fasting blood glucose levels in 

the (diabetic) cirrhotic patients (Intact proinsulin: r=0.95, p < 0.001; des 

31, 32 proinsulin: r=0.87, p<0.01; PI as a % of IRI: r=0.82, p<0.02;

PI to C-peptide molar ratio: r=0.87, p < 0.005).

5.3.5 Proinsuliiis and PAI-1 - study 5

5.3.5.1 In Asians and Caucasians - study 5A
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Subject characteristics are shown in Table 5.20.There were no ethnic 

differences in the study parameters and therefore the subjects were grouped 

on the basis of glucose tolerance category. Diabetic subjects had 

significantly higher fasting levels of C-peptide, insulin, intact and des 31, 

32 proinsulin, triglycerides, total and LDL-cholesterol, systolic and 

diastolic blood pressure and lower HDL-cholesterol. PAI-1 activity was 

significantly higher in subjects with diabetes than those with impaired or 

normal glucose tolerance.

After controlling for age, ethnicity, BMI, WHR,and STR, PAI-1 activity 

correlated significantly with levels of specific insulin (r= 0 .22, p < 0 .001), 

intact proinsulin (r=0.36, p < 0.001), des 31, 32 proinsulin (r=0.30, 

p < 0.001), triglyceride (r=0.31, p < 0.001), fasting and 2-h glucose 

(r=0.31 and 0.36, p<0.001), and HbA  ̂ (r=0.19, p < 0.003).

5.3.S.2 In myocardial infarction - study SB

Subject characteristics are shown in Table 5.21. Basal levels of 

immunoreactive insulin, specific insulin, intact and des 31, 32 proinsulin 

were significantly higher in the diabetic compared to the non diabetic 

subjects.

In all subjects, PAI-1 activity correlated positively with basal plasma 

glucose, HbAl and triglyceride levels, with weaker but significant 

correlations with BMI and WHR (Table 5.22). PAI-1 activity was 

significantly correlated to immunoreactive insulin, and less strongly with 

specific insulin. Stronger statistical correlations were also apparent with 

intact (r=0.53, p < 0.0001) and des 31, 32 proinsulin (r=0.54, p < 0.0001) 

than with specific insulin(r=0.24, p<  0.019). Correlation coefficients, 

after correcting for BMI, between PAI-1 and the insulin-like molecules and 

triglycerides are shown in Table 5.23. In multiple regression analyses, 

using a stepwise model, with PAI-1 activity as the dependent variable, and 

including all the other parameters studied that are known to correlate with
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PAI-1 activity, only des 31, 32 proinsulin and triglycerides, but not specific 

insulin levels or insulin sensitivity, were significant determinants of PAI-1 

activity, accounting for 37% of the variation in PAI-1 activity (Table 5.24).

5.3.6 Proinsuliiis and their correlation with IGF and IGFBPs - 

study 6

Characteristics of the study population are shown in Table 5.25. After 

adjustment for age, sex and BMI, IGFBP-1 levels correlated significantly 

with those of HDL-cholesterol, insulin, intact proinsulin, des 31, 32 

proinsulin, insulin sensitivity, jS-cell function and PAI-1 activity, but not 

with fasting plasma glucose, blood pressure or LDL-cholesterol (Table 

5.26).

To further assess the association of IGFBP-1 levels and the risk factors 

studied, multiple regression analysis were performed adjusting for age,

BMI and insulin levels (Table 5.27). The association of IGFBP-1 

concentrations with those of both HDL-cholesterol and triglycerides, and 

insulin precursors, remained strong.

The correlation of the other IGFs studied (IGF-1, IGF-2) and IGFBP-3, 

with the cardiovascular risk factors studied were not significant, either in 

univariate analysis or after adjusting for age, BMI and sex.

5.3.7 Proinsulins in insulinomas - study 7

Clinical characteristics of the subjects with insulinoma are shown in Table 

5.28. The proinsulin-like molecules as a proportion of total 

immunoreactive insulin ranged from 7.5 to 89.8%. Intact proinsulin was 

the predominant insulin precursor in 9 of the subjects and in 11 of the 

subjects the des 31, 32 species was predominant. While des 64, 65 

proinsulin was detected in all the samples assayed it was not the 

predominant precursor in any of the samples studied (Table 5.29). Des 

64,65 proinsulin comprised 4% (SD 2%) (range 1% - 11%) of IRI in these
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patients.

5.4 Discussion

The seven different applications to which the assays for the insulin 

precursors were applied allow some speculation of a possible role for the 

proinsulins in the various conditions.

The studies in non diabetic subjects (studies lA and IB) examined the 

association of proinsulins with other known cardiovascular risk factors, and 

secondly the extent to which these molecules contribute to the 

hyperinsulinaemia seen in Asian and Caucasian non diabetic subjects. The 

first study (study lA) showed, for the first time, in a large homogeneous 

population comprising only Caucasians with normal glucose tolerance, that 

the levels of proinsulin-like molecules correlated with some insulin 

resistance syndrome variables. After correcting for age and BMI 

concentrations of des 31, 32 proinsulin were more strongly related to levels 

of triglycerides, HDL-cholesterol and LDL-cholesterol, and intact 

proinsulin to fibrinogen, than were levels of insulin per se. In these 

subjects, on adjusting for BMI and age, no significant relations were 

apparent between the proinsulins and blood pressure, perhaps these being 

present only in the glucose intolerant state (Haffner et al, 1993). The 

finding of strong and independent relationships between levels of the 

proinsulins and cardiovascular risk factors in this low risk population raises 

questions regarding the likelihood of cause and effect.

The second study (study IB) of non diabetic Asian and Caucasian subjects, 

with normal and impaired glucose tolerance, showed that the Asian non 

diabetic subjects were hyperinsulinaemic after a glucose load compared 

with matched white subjects and this difference could not be attributed to 

age, sex, BMI or central obesity. Although Asian subjects with NGT 

showed higher absolute levels of intact proinsulin, the percentage of 

proinsulin-like molecules was similar in Asian and white subjects with IGT
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and NGT. Also, in the basal state, the sum of all insulin-like molecules 

was similar in the two ethnic groups. The subject groups differed in that 

the Asian non diabetic subjects were more centrally obese and showed an 

exaggerated insulin response to a glucose load, perhaps due to enhanced 

pancreatic /3-cell sensitivity or a decreased hepatic extraction of insulin.

A study of insulin resistance, insulin-like molecules and blood pressure in 

subjects with non-insulin-dependent diabetes (study 2) confirmed high 

concentrations of the proinsulin-like molecules in NIDDM (Ward et al, 

1987). No relation was seen between concentrations of intact and des 31, 

32 proinsulin and any measures of blood pressure, clinic or 24-h 

ambulatory, but they correlated strongly with glucose MCR, suggesting 

that the association of proinsulins with hypertension may be their common 

link with insulin resistance.

The effect of hypoglycaemic therapy on proinsulin-like molecules was 

investigated in two studies (studies 3A and 3B), one comparing metformin 

and sulphonylurea, and the second insulin and sulphonylurea. The first 

study (study 3A) showed that in subjects with NIDDM, treatment with 

metformin was associated with a reduction in levels of intact and des 31,

32 proinsulin, while glibenclamide treatment was not associated with such 

changes, although both therapies produced reduction in fasting plasma 

glucose concentrations. The ratio of concentrations of proinsulin-like 

molecules were also significantly reduced by metformin treatment, while it 

remained unchanged on glibenclamide. The precise mechanism of the fall 

in the concentrations of the proinsulin-like molecules with metformin 

therapy is unclear. However data suggests that a possible explanation may 

be that the action of metformin includes reducing insulin resistance (Nagi et 

al, 1996), and concentrations of proinsulin-like molecules may be a marker 

for such insulin resistance.

The effect of hypoglycaemic therapy with, insulin and sulphonylurea, was
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investigated in 20 subjects with NIDDM (study 3B) in a cross-over fashion 

with a 4-week washout period in between the two treatments. The 

improvements in glycaemia and insulin sensitivity did not differ between 

the two treatments, but sulphonylurea therapy resulted in higher circulating 

levels of proinsulins and PAI-1 activity and antigen compared to the 

baseline, and PAI-1 antigen levels were higher when compared to insulin 

therapy. The long term consequences of the increased proinsulins and PAI- 

1 resulting from sulphonylurea treatment are at present unclear.

Fasting serum levels of intact and des 31, 32 proinsulin were increased 3 to 

10-fold in the diabetic cirrhotic subjects in comparison to the non diabetic 

cirrhotic or control subjects (study 4). The higher levels of the propeptides 

seen in the cirrhotic diabetic subjects were similar to those reported in 

obese IGT subjects and in patients with NIDDM without liver disease 

(Yudkin, 1993; Levy et al, 1993). Circulating levels of the proinsulins are 

a product of their relative rates of secretion and clearance. In normal 

subjects proinsulin secretion is about 2 to 5 % of that of insulin (Horwitz et 

al, 1975). Intact proinsulin secretion is slightly greater than that of des 31, 

32 proinsulin but the clearance of des 31, 32 proinsulin is higher thzm that 

of intact (Tillil et al, 1990; Given et al, 1985). The metabolic clearance 

rate of proinsulins is only about 20 - 25 % of that of insulin (Katz and 

Rubenstein, 1973; Tillil et al, 1990). The liver is the major site of insulin 

clearance accounting for about 70% (Ferrannini et al, 1983). The 

kidneys, in contrast, are much more important in proinsulin clearance. In 

cirrhotic subjects renal function is normal with liver function being 

impaired. Thus absolute levels of proinsulins were raised in both diabetic 

and non diabetic cirrhotic subjects, with the diabetic cirrhotic subjects 

having the highest levels. But because of reduced insulin clearance in 

cirrhosis the percentage of the proinsulin-like molecules to the total 

immunoreactive insulin is not raised (<  15%). Therefore the 

hyperinsulinaemia in cirrhosis is not due to elevated levels of proinsulin

like molecules.
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The relationship between PAI-1 and the proinsulins were examined in two 

studies (studies 5 A and 5B). The first study (study 5A) looked at this 

interaction in Asian and Caucasian subjects with NIDDM, IGT and NGT. 

After adjusting for age and BMI, PAI-1 was more strongly related to the 

proinsulins than to insulin itself. PAI-1 activity was similar in Asians and 

Caucasians, but elevated in diet treated NIDDM subjects. While the 

elevated levels of triglycerides and the insulin-like molecules may 

contribute to the elevation in the PAI-1 activity in NIDDM, they do not 

fully explain it.

Similarly in diabetic and non diabetic survivors of myocardial infeu’ction 

(study 5B) the concentrations of proinsulin-like molecules and serum 

triglycerides appeared to be the major determinants of PAI-1 activity, with 

closer correlations than either with insulin sensitivity or insulin levels.

Again a causal relationship appears unlikely, and the relationship may be 

indicative of an association via a common antecedent.

The study of the relationship between the IGFs, their binding proteins and 

the proinsulins (study 6) showed independent and significant correlations 

between levels of IGFBP-1 and levels of lipoproteins, insulin and 

proinsulin-like molecules and insulin resistance, but no such relationships 

with IGF-1, IGF-2 or IGFBP-3. Both intact and des 31, 32 proinsulin 

showed significant negative correlations with IGFBP-1 after correcting for 

insulin levels or insulin resistance.

One explanation for this relationship may be that the insulin precursors 

with their high sequence homology to IGF-1 and IGF-2 may directly bind 

to IGFBP-1 and thus give rise to the correlation demonstrated.

Alternatively these findings may indicate that circulating insulin propeptides 

are a better index of portal insulin delivery than peripheral insulin 

concentrations, on account of the longer half-life of the precursors in the 

circulation (Sodoyez-Goffaux et al, 1988). Although concentrations of the

170



proinsulins are elevated in NIDDM their activity at the insulin receptor is 

<10% (Peavy et al, 1985). Thus, the strong inverse relationship between 

concentrations of IGFBP-1 and the proinsulins may reflect the negative 

regulation of hepatic IGFBP-1 by insulin or insulin resistance.

The last study investigated the relative contribution of each of the 

proinsulin-like molecules, intact, des 31, 32 and des 64, 65 proinsulin, to 

the hyperinsulinaemia seen in subjects with insulinomas (study 7). The 

constitutive release of insulin in these subjects would suggest that the total 

concentration of insulin-like molecules would consist of a higher proportion 

of propeptides, even when compared with other hyperinsulinaemic states. 

This does appear to be the case, with 25 % of the patients studied having 

proportions of proinsulin-like molecules of 50% or over of total 

immunoreactive insulin. Des 64, 65 proinsulin was detected in all the 

samples analyzed, but surprisingly, none of the insulinomas secreted this 

propeptide species predominantly. One previous report suggested that there 

is heterogeneity in the proinsulins secreted in subjects with NIDDM, with 

some subjects having a predominance of des 64, 65 proinsulin and others 

secreting des 31, 32 proinsulin (Linde et al, 1991). The present results, 

however, support the findings that proinsulin to insulin processing occurs 

predominantly via the des 31, 32 proinsulin branch, even in insulinoma.

In conclusion, all the studies show that concentrations of the propeptides 

are raised in NIDDM, they appear to show statistical interaction with a 

range of cardiovascular risk factors, including lipids, fibrinogen, PAI-1 and 

IGFBP-1. Of course, statistical correlation is not proof of causation, so 

that proinsulins cannot necessarily be implicated directly in determining 

abnormal levels of risk factors. The cross-reactivity of these assays with 

non-specific assays for insulin was previously thought to account for the 

hyperinsulinaemia seen in various conditions. However, these studies, 

using specific assays for insulin, intact proinsulin and des 31, 32 

proinsulin, still demonstrates the presence of hyperinsulinaemia. Also, the
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study of these molecules in insulinoma samples appear to suggest that the 

des 64, 65 proinsulin species may be of very little physiological 

significance.
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Table 5.1; Characteristics of study population ; Study 2

Characteristics

n
M:F
W:AC:AS 
Age (yrs)
BMI (Kg.m-i)
HbAi (%)
Duration of diabetes (yrs) Median (range) 
WHR
AER (mg.24h*)

24 
20:4 

18:3:3 
54.7 (7.6) 
27.9 (4.3) 
10.2 (2 . 1) 

5.5 (0.5-23.0) 
0.94 (0.08) 

7.2 (0.2-159.4)

Key:
M:F
BMI
WHR

Male : female, W:AC:AS 
Body mass index, HBAj 
Waist-hip ratio, AER

White : afro-caribbean : asian.
Total glycated haemoglobin
Albumin excretion rate - calculated from single timed overnight urine collection

Data shown as mean ±SD if normally distributed and median (range) if skewed.
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Table 5.2: Clinical Characteristics of Cirrhotic and Control Subjects - Study 2

Data are shown as mean ±  SD.

Controls Nondiabetic Diabetic
Cirrhotics Cirrhotics

n 8 7 8

Age (yr) 47 + 9 54 + 8 56 + 7

Weight (kg) 66 ± 12 71 +  15 75 + 11

Body mass index 24.5 ±  3.2 26.0 + 4.2 25.4 ±  3.5
(kg/m^)

Oesophageal varices 6 6
(n)

Oral hypoglycaemic 
agents (n):

Tolbutamide 7

Glipizide 1

Serum albumin (g/L) 44 + 2 38 + 7 40 +  3

Serum bilirubin 10 + 3 25 ±  11 40 + 43
(/imol/L)

Prothrombin time (s) 1 2 + 1  16 +  2 16 ±  2
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Table 5.3: Characteristics of the subset population - Study lA

Men (n=120) Women
(n=150)

p-value

Age (years) 53.9 (10.1) 54.5 (10.3) NS
Body mass index (Kg.m’̂ ) 25.3 (3.9) 25.6 (4.9) NS
Systolic blood pressure (mmHg) 119.6 (19.1) 116.6 (20.6) 0.02
Diastolic blood pressure (mmHg) 71.6(11.4) 67.8 (10.6) < 0.001
Fasting blood glucose (mmol.l'^) 4.9 (0.5) 4.8 (0.5) 0.02
2h blood glucose (mmol.l'^) 4.7 (1.2) 4.8 (1.1) NS
Fibrinogen (g.l'^) 2.8 (0.7) 2.9 (0.8) NS
Factor VII (% act) 60.6 (1.5) 65.3 (1.4) 0.003
Total cholesterol (mmol.l* )̂ 6.2 (1.2) 6.6 (1.4) < 0.001
HDL-cholesterol (mmol.l'^) 1.3 (0.4) 1.6 (0.4) < 0.001
LDL-cholesterol (mmol.l'^) 4.2 (1.2) 4.4 (1.3) 0.008
Triglyceride (mmol.l'^)* 1.2 (1.3) 1.3 (1.6) 0.005
Fasting insulin (pmol.h^)* 41.2 (2.1) 46.8 (1.8) 0.01
2h insulin (pmol.l'^)* 132.7 (2.4) 163.9 (2.1) < 0.001
Intact proinsulin (pmol.l'^)* 2.9 (1.9) 2.5 (1.7) 0.05
Des 31,32 proinsulin (pmol.l'^)* 1.6 (2. 1) 1.3 (1.9) 0.02
2h albumin excretion rate (/(g.min.l^)* 4.5 (3.2) 4.0 (2.9) NS
Overnight albumin excretion rate (/ig.min.l'^)* 3.1 (3.4) 2.4 (2.9) 0.001
Mean albumin excretion rate (jLig.min.l' )̂* 3.7 (2.8) 3.0 (2.4) 0.006

Data are arithmetic means ±  SD and ‘geometric means x/-r SD
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Table 5.4; Correlations of concentrations of insulin and proinsulin
like molecules in 270 subjects to cardiovascular risk 
factors - study lA

Variables Ins 0 Ins 2 Intact PI Des 31,32 PI

Age 0.13* 0.22’’ 0.36= 0.26=

Body mass index 0.24= 0.21’’ 0.35= 0.32=

Systolic blood pressure 0.15* 0.11 0.32= 0.25=

Diastolic blood pressure 0.17* 0.10 0.26” 0.26”

Fasting plasma glucose 0.24= 0.21” 0.33= 0.34=

2-h plasma glucose 0.22’’ 0.49= 0.22” 0.20”

Fibrinogen 0.22’’ 0.14* 0.22” 0.17*

Factor VII 0.12 0.09 -0.03 -0.03

Total cholesterol 0.25= 0.25= 0.26= 0.25=

HDL-cholesterol -0.22’’ -0.19” -0.36= -0.37=

LDL-cholesterol 0.25= 0.27= 0.28= 0.28=

Triglyceride 0.27= 0.25= 0.32= 0.34=

2-h albumin excretion rate 0.10 0.09 0.16* 0.16*

Overnight albumin excretion rate 0.02 0.07 0.06 0.06

Mean albumin excretion rate 0.07 0.09 0.12 0.12

Fasting insulin - 0.52= 0.40= 0.40=

2-h insulin - - 0.30= 0.32=

Intact proinsulin - - - 0.83=

Des-31,32 proinsulin - - - -

“p<0.05; ’’p<0.01; 'p < 0,001: Ins 0, fasting insulin concentration: Ins 2, 2-h insulin 
concentration: Intact PI, fasting intact proinsulin concentration: Des 31, 32 PI, fasting des 32, 
32 proinsulin concentration.
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Table 5.5; Partial correlation coefficients of concentrations of insulin and proinsulin-like molecules in 270 subjects after adjusting for age, body mass
index, sex and interaction (sex*BMI) - study lA

Variables Ins 0 Ins 2 Intact PI Des 31, 32 PI

Systolic blood pressure 0.02 (-0.11 -0.15) -0.03 (-0.16-0.10) 0.09(-0.04 - 0.22) 0.024(-0.09 - 0.17)

Diastolic blood pressure 0.07 (-0.06 - 0.20) 0.02 (-0.11-0.15) 0.08 (-0.05 - -0.21) 0.09 (-0.04 - 0.22)

Fasting plasma glucose 0.17 (0.04 - 0.30)“ 0.12 (-0.01 - 0.25) 0.17 (0.04 - 0.30)“ 0.22 (0.09 - 0.34)"

2-h plasma glucose 0.17 (0.04 - 0.30)“ 0.44 (0.33 - 0.54)" 0.08(-0.05 - 0.21) 0.10 (-0.03 -0.23)

Fibrinogen 0.15(0.02-0.28)“ 0.09(-0.04 - 0.22) 0.18(0.05 - 0.31)" 0.10 (-0.03 - 0.23)

Factor VII 0.14 (0.01 - 0.27)“ 0.11 (-0.02-0.24) -0.003 (-0.14 - -0.13) -0.01 (-0.14-0.12)

Total cholesterol 0.22 (0.09 - 0.34)^ 0.18 (0.05 - 0.31)" 0.20 (0.07 - 0.32)" 0.22 (0.09 - 0.34)"

HDLcholesterol -0.20 (-0.32 - -0.07)*’ -0.20 (-0.32 - -0.07)" -0.31 (-0.43 - -0.18)" -0.32 (-0.43 - -0.20)"

LDL-cholesterol 0.22 (0.09 - 0.34)" 0.2 0(-0.07 - 0.32)" 0.20 (0.07 - 0.32)" 0.23 (0.10 - 0.35)"

Triglyceride 0.21 (0.08 - 0.33) 0.18(0.05-0.31)" 0.22 (0.09 - 0.34)" 0.26 (0.13 - 0.38)"

2-h albumin excretion rate 0.07 (-0.06 - 0.20) 0.05 (-0.08 - -0.18) 0.11 (-0.02 - 0.24) 0.12 (-0.01 - 0.25)

Overnight albumin excretion rate -0.001 (-0.13 - 0.13) 0.06 (-0.07 - -0.19) 0.008 (-0.13 -0.14) 0.01 (-0.12-0.14)

Mean albumin excretion rate -0.04 (-0.17 - 0.09) 0.06 (-0.07 - -0.19) 0.07 (-0.06 - 0.20) 0.08(-0.05 - 0.21)

Fasting insulin - 0.50 (0.39 - 0.59) 0.34 (0.22 - 0.45)" 0.34 (0.22 - 0.45)"

2-h insulin - - 0.19 (0.06-0.31)" 0.25 (0.12 - 0.37)"

Intact proinsulin - - - 0.79 (0.73 - 0.84)"

Des 31,32 proinsulin - - - -
*p<0.05; *^<0.01; *p< 0.001. Ins 0, fasting insulin concentrations: Ins 2, 2-h insulin concentrations: Intact PI, fasting intact proinsulin concentrations: Des 31, 32 PI, 
fasting des 31,32 proinsulin concentrations. Partial correlation coefficients are shown with 95 % confidence intervals.
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Table 5.6: Multiple regression analyses of relationships between concentrations of fasting insulin and intact proinsulin with lipids and fibrinogen in
218 subjects - Study lA

Dependent variable Explanatory variables r % change in r r̂ ; p

Fibrinogen In the equation Intact PI 0.18 3 r^=0.09 ; p = 0.0009
Not in the equation Fasting insulin 0.09 -

Total cholesterol In the equation Fasting insulin 0.22 4.5 r^=0.13; p<0.0001
Intact PI 0.14 1.6

HDL-cholesterol In the equation Intact PI -0.31 8.2 r^=0.26; p < 0.0001
Not in the equation Fasting insulin -0.10 -

LDL-cholesterol In the equation Fasting insulin 0.22 4.3 r^=0.13; p < 0.0001
Intact PI 0.13 1.6

Triglycerides In the equation Intact PI 0.22 4.4 r^=0.15; p<0.0001
Fasting insulin 0.15 1.9

PI: Proinsulin
Adjustment has been made for BMI, sex, age (sex*BMI), intact PI, fasting intact proinsulin concentration
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Table 5.7: Multiple regression analyses of relationships between concentrations of fasting insulin and des 31,32 proinsulin with lipids and fibrinogen
in 218 subjects - Study lA

Dependent variable Explanatory variables r % change in r P

Fibrinogen In the equation Fasting insulin 0.18 3 r^=0.09; p=0.0009
Not in the equation Des 31,32 PI 0.04 -

Total cholesterol In the equation Fasting insulin 0.22 4.5 r^=0.13; p < 0.0001
Des 31,32 PI 0.16 2.2

HDL-cholesterol In the equation Des 31,32 PI -0.32 8.6 r^=0.26; p<  0.0001
Not in the equation Fasting insulin -0.10 -

LDL-cholesterol In the equation Des 31,32 PI 0.23 4.6 r^=0.15; p < 0.0001
Fasting insulin 0.15 2.0

Triglycerides In the equation Des 31,32 PI 0.26 6.0 r^=0.16; p<0.0001
Fasting insulin 0.44 1.6

PI: Proinsulin
Adjustment has been made for BMI, sex, age (sex*BMI), intact PI, fasting intact proinsulin concentration
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Table 5.8; Characteristics of white and Asian subjects with NGT and IGT - Study IB

Variables NGT IGT P-value
Asian vs white NGT vs IGT

Whites Asians Whites Asians NGT IGT Asian White
n 67 82 13 16

Age (yrs) 49 .3± 8 .1 4 8 .2 ± 8 .0 5 2 ± 5 .7 5 1 .4 ± 8 .4 NS NS NS NS

Sex (M,F) 31,36 40,42 10,3 9,7 NS NS NS NS

BMI (kg.m^) 2 5 .7 ± 3 .7 2 4 .4± 3 .5 2 7 .5± 9 .6 2 5 .3 ± 3 .5 < 0 .05 NS NS NS

WHR 0.87± 0 .08 0.85± 0.11 0.91 ±0.081 0 .87± 0 .09 NS NS NS NS

STR 1.17±0.41 1 3 6 ± 0  69 1.35 ± 0 .40 1.68 ±1 .09 < 0 .05 NS NS NS

Fasting glucose (mmol.l *) 5 .1 ± 0 .5 5 .1 ± 0 .5 5 .9 ± 0 .8 5 .5 ± 0 .8 NS NS <0.01 <0.01

30-min glucose (mmol.l *) 8 .4 ± 1 .6 7 .9 ± 1 .5 9 .6 ± 1 .8 9 .2 ± 1 .7 < 0 .05 NS < 0 .0 4 0.04

120-min glucose (mmol.l ') 5 .1 ± 0 .4 4 5 .4 ± 1 .1 8 .5± 0 .9 8 .9 ± 0 .9 NS NS <0.01 <0.01

Fasting C-peptide (nmol.l )̂ 0 .5 1± 0 .44 0 .45± 0 .14 0.43 ±0 .15 0 .47± 0 .12 NS NS 0.026 NS

Fasting insulin (pmol.l^) 30(8-370) 37(8-178) 36(8-799) 47(8-116) NS NS NS NS

Fasting insulin:C-peptide 0.08(0.02-0.67) 0.10(0.02-0.47) 0.04(0.02-0.09) 0.10(0.02 -0.28) 0.009 NS NS NS

30-min insulin (pmol.l'*) 274(42-724) 319(25-1027) 190(42-443) 224(8-1855) NS NS NS NS

120-min insulin (pmol.l^) 186(27-720) 274(26-1505) 249(43-513) 527(28-1431) 0.005 0.008 <0.01 NS

ratio o f increment in insulin to increment in glucose level 69(25-344) 113(10-1185) 26(3-118) 73(5-669) < 0 .0 2 NS 0.042 0.017

Fasting intact proinsulin (pmol.l *) 2.1(0.8-7.9) 2.7(0.9-14.1) 2.6(1.6-8.1) 4.3(2.0-43.7) < 0 .0 2 NS 0.052 NS

Fasting des 31,32 proinsulin (pmol.l *) 2.0(0.3-16.2) 2.1(0.1-17.4) 2.6(0.9-12.9) 2.5(0.5-14.1) NS NS NS NS

insulin (%) 87.5(52.8-98.4) 87.4(46.8-97.0) 89.6(61.4-99.2) 85.4(63.7-95.8) NS NS NS NS

Intact proinsulin (%) 5.6(0.9-16.8) 6.4(1.2-21) 5.3(0.4-18.8) 7.4(1.8-24.6) NS NS NS NS

Des 31, 32 proinsulin (%) 5.6(0.7-42.8) 4.5(0.3-47.8) 6.0(0.2-19.7) 5.6(2.2-21.5) NS NS NS NS

Sum (pmol.r^) 34(9-380) 42(11-197) 42(11-805) 61(13-127) NS NS NS NS
Data are shown as SD or median (range). The increment in insulin 
p > 0 .0 5 . BMI =  body mass index; WHR — waist-hip-ratio; STR =

or glucose =  value at 30min - value at 0 min during an oral glucose tolerance test. P values are adjusted for age and sex. NS =  
subscapular triceps ratio.
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Table 5.9; Blood pressure Characteristics - Study 2

Blood pressure Group 1 (n=12) Group 2 (n=12) p value

24hr SB? 120.5 (15.1) 152.4 (9.0) grouping variable
DBF 75.4 (9.1) 88.8 (10.1) <0.001

Daytime SBF 121.7 (15.1) 153.8(9.1) <0.001
DBF 75.9 (9.0) 89.2 (10.9) <0.001

Nighttime SBF 109.9 (16.3) 140.1 (21.5) <0.001
DBF 68.3 (10.7) 84.9 (12.1) <0.001

Clinic SBF 130.5 (24.0) 163.4 (17.9) <0.001
DBF 81.8(11.8) 94.7 (12.4) NS

Key:
SEP
DBF

systolic blood pressure 
diastolic blood pressure

Values are mean (SD) of clinic and ambulatory pressure indexes expressed in millimetres of mercury in group 1 (mean 24-hour ambulatory SB? below 
the median 138 mmHG) and group 2 (mean 24-hour ambulatory SB? above the median).
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Table 5.10: Insulin sensitivity and fasting concentrations of specific insulin, des-31,32 proinsulin, intact insulin, and their sums according to
mean 24-hour ambulatory SBP status: Study 2

Parameter Group 1 (n = 12) Group 2 (n = 12) P

Glucose MCR, mL.kg'\min'^ 6.5 (3.0) 3.6 (0.7) <.01

Insulin, pmol-1.'^ 61.7 (14.9-122.7) 58.7 (21.5-183.8) NS

Intact proinsulin, pmol.l^ 12.9 (3.3-61.7) 15.5 (4.5-30.9) NS

des-31,32 Proinsulin, pmol.'^ 5.6 (0.8-13.8) 6.4 (1.8-25.7) NS

Total insulin-like molecules, 
pmol.l'^

88.8 (29.9-142.3) 86.2 (47.4-220.2) NS

Key:
SBP: systolic blood pressure 
MCR: metabolic clearance rate
Values are mean (SD) for MCR and median (range) for other variables. SBP status for group 1 was below the median of 138 mm Hg; group 2, above 
the median
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Table 5.11; Correlation coefficients for relation between blood pressure indexes, Glucose MCR, and fasting concentrations of specific insulin, 
intact proinsulin, des-31, 32 proinsulin, and their sums in all 24 subjects - Study 2

Blood Pressure Index 
(Mean nun Hg)

Glucose MCR 
(ml.kg \m in ')

Insulin
(pmol.r*)

Intact proinsulin 
(pmol.r^)

Des-31,32 proinsulin Total insulin-like
(pmol.r*) molecules (pmol.l

24 - Hour

SBP

DBF

Daytime

SBP

DBF

Night-time

SBP

DBF

Clinic

SBP

DBF

-0.650t

-0.440*

-0.655t

-0.424*

-0.580t

-0.347

-0.603t

-0.360

0.096

-0.248

0.099

-0.282

0.217

-0.043

0.063

0.200

0.203

0.038

0.171

0.226

-0.270

-0.045

0.328

0.383

0.368

0.219

0.375

0.204

0.196

0.067

0.301

0.168

0.077

-0.226

0.079

-0.257

0.144

-0.097

0.228

-0.024

MCR: metabolic clearance rate 
SBP: systolic blood pressure 
DBF: diastolic blood pressure 
*p<0.05, t p < 0.001
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Table 5.12: Characteristics of subjects after placebo, metformin and glibenclamide treatment in subjects with NIDDM - Study 3A

Variable Placebo Metformin p value Placebo Glibenclanide p value
treatment treatment treatment treatment

Body mass index [kg.m^] 27.6 ±  4.9 27.4 ±  4.6 ns 27.8 ±  3.9 28.2 ±  3.8 ns

Waist-to-hip ratio 0.94 ± 0.06 0.94 ± 0.06 ns 0.89 ± 0.06 0.89 ±  0.06 ns

Fasting plasma glucose [mmol. 1’̂ ] 12.0 ±  2.3 8.9 ± 2.5 < 0.01 11.7 ±  2.9 9.5 ±  3.2 < 0.01

Glycated haemoglobin [mmol.l 10.5 ±  2.3 9.2 ± 1.4 < 0.01 9.8 ±  1.7 9.6 ±  1.6 ns

Total cholesterol [mmol.l^] 6.1 + 1.4 5.6 ± 1.1 0.002 6.6 ±  1.4 6.7 ±  1.6 ns

HDL - cholesterol [mmol. 1'̂ ] 1.15 ± 0.38 1.14 ± 0.30 ns 1.39 ± 0.39 1.23 +  0.40 ns

LDL-cholesterol [mmol.l^j 4.0 ±  1.3 3.6 + 1.5 0.002 4.3 ±  1.3 4.4 ±  1.4 ns

Total triglyceride [mmol. 1'̂ ] 2.1 (0.8-4.3) 1.8 (0.6-3.8) 0.034 1.5 (0.8-9.0) 1.9 (0.6-9.8) ns

PAI-1 [AUml.l-^] 24.9 ±  7.9 19.6 ± 5.8 0.001 18.2 ±  8.6 19.0 ±  8.8 ns

Data presented as mean ±  sd or as median (range)
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Table 5.13: Characteristics of subjects after placebo, metformin and glibenclamide treatment in subjects with NIDDM - Study 3A

Variable placebo treatment metformin
treatment

change median 
(range)

p valve placebo
treatment

glibenclamide
treatment

change median 
(range)

P
valve

Plasma C-peptide (nmol.l *) 0.53 (0.28-1.22) 0.57 (0.26-1.20) +0.01 (-0.43 to 
+0.26)

ns 0.75 (0.17-1.78) 0.82 (0.17-1.53) 0.06 (-0.82 to 
+0.44

ns

Fasting insulin (pmol.l *) 79 (19-198) 57 (21-218) -10 (-105 to +39) ns 78 (15-241) 78 (18-180) -7 (- 100 to 
+ 109)

ns

Intact proinsulin (pmol.l *) 8.0 (3.2-51.3) 4.6 (1.4-43.7) -2.9 (-28.4 to 
+2.5)

0.022 8.7 (3.7-34.9) 10.5 (3.9-41.1) + 2.5 (- 10.8 
to 20.0)

ns

Des 31,32 proinsulin (pmol.l *) 5.6 (2.3-29.8) 3.3 (1.6-27.4) -1.6 (-14.1 to 
+5.4)

0.07 11.0 (3.1-60.4) 10.9 (2.8-63.3) +0.6 (-28.1 to 
20.0)

ns

Proinsulin-like molecules (pmol.l *) 14.5 (5.9-81.4) 7.9 (3.4-71.0) -4.7 (-42.5 to 
+4.5)

0.045 19.8 (8.0-95.3) 21.3 (7.2-100.0) +2.5 (-38.9 to 
+ 38.7)

ns

“Sum (pmol.l *) 102 (27-267) 73 (25-252) -14.7 (-92.5 to 
30.8)

ns 103 (30-336) 103 (25-231) -6.0 (-133 to 
+ 144)

ns

Proinsulin-like molecules/sum (%) 19 (4-60) 12 (7-59) -6 (-16 to +6) 0.024 23 (9-50) 23 (9-50) +4 (-21 to 
+24)

ns

Intact/des 31,32 proinsulin ratio 1.4 (1.1-2.1) 1.6 (1.2-2.1) -0.11 (-0.84 to 
+0.58)

ns 0.9 (0.4-1.7) 0.9 (0.4-1.7) + 0.05 (-0.71 
to+1.42)

ns

Proinsulin-like molecules/C-peptide 
ratio

0.026 (0.014- 
0.095)

0.016 (0.008-0.1) -0.009 (-0.0045 to 
+0.005)

0.026 0.029 (0.013- 
0.066)

0.029 (0.013- 
0.066)

+0.003 (-0.036 
to+0.059)

ns

Data are presented as median (range). “Sum = (insulin + intact proinsulin + des 31,32 proinsulin)
Changes in variables between placebo and active treatment are calculated as value on active treatment minus values on placebo treatment i.e. negative values imply lower levels on 
active treatment while positive values imply higher values.
Significance of change was recorded using Wilcoxcon rank sum test
Data on intact and des 31,32 proinsulin available on 23 subjects during metformin and 25 subjects during glibenclamide study.
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Table 5.14: Correlations between changes in cardiovascular risk factors and changes in proinsulin-like molecules on metformin treatment
Study 3A

Variables A BMI A WHR A FPG ACHOL AHDL-C A LDL-C A TRIG A PAI-1

A Specific insulin 0.04 0.03 -0.35 -0.10 -0.03 -0.10 -0.15 0.08
A Intact PI 0.20 0.37 0.30 -0.27 -0.24 -0.18 0.03 0.15
A Des 31,32 PI 0.35 0.14 0.38 -0.19 -0.21 -0.08 0.09 0.14
A Proinsulin-like molecules 0.23 0.02 0.69* 0.14 0.07 0.07 -0.28 0.28
A Intact Pl/des 31,32 PI -0.09 0.17 -0.28 -0.40' -0.22 -0.40' -0.18 -0.14

'p<0.06
" p <  0.001

PI: Proinsulin
BMI: Body mass index
WHR: Waist - hip ratio
FPG: Fasting plasma glucose
CHOL: Cholesterol
HDL-C: High density lipoprotein cholesterol
LDL-C: Low density lipoprotein cholesterol
TRIG: Triglyceride
PAI-1: Plasminogen activator inhibitor
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Table 5.15: Correlations between changes in cardiovascular risk factors and changes in proinsulin-like molecules on glibenclamide treatment
- Study 3A

Variables A BMI A WHR AFPG A
CHOL

AHDL-C A LDI^C A TRIG A PAI-1

A Specific insulin' 0.18' 0.13 -0.22 0.29 -0.07 0.08 0.17 0.13
A Intact PI 0.02 0.09 0.02 0.34 -0.02 -0.02 -0.01 0.03
A Des 31,32 PI 0.13 0.00 0.11 0.12 -0.22 -0.20 -0.11 0.10
A Proinsulin-like molecules 0.13 -0.05 0.32 0.12 -0.10 -0.12 —0.26 0.01
A Intact Pl/des 31,32 PI -0.29 0.33 -0.09 0.03 -0.18 0.10 0.23 0.11

•p<0.06 
"p <  0.001

PI:
BMI:
WHR:
FPG:
CHOL:
HDL-C:
LDL-C:
TRIG:
PAI-1:

Proinsulin 
Body mass index 
Waist - hip ratio 
Fasting plasma glucose 
Cholesterol
High density lipoprotein cholesterol 
Low density lipoprotein cholesterol 
Triglyceride
Plasminogen activator inhibitor

187



Table 5.16: Clinical characteristics of subjects at both baselines and 16 weeks post sulphonylurea and insulin therapy - Study 3B

Baseline (Bl) Post SU Baseline (B2) Post 1 p(SUvsI) p(SUvsBI) p(IvsBl)

BMI (Kg.m^) 29.2 (3.8) 30.8 (4.3) 30.4 (4.3) 30.9 (4.2) 0.30 < 0.0001 < 0.0001

WHR 0.99 (0.11) 0.93 (0.08) 0.96 (0.12) 0.93 (0.09) 0.92 0.02 0.04

STR 1.66 (0.67) 1.90 (0.79) 1.82 (0.80) 2.22 (1.00) 0.03 0.03 0.005

SBP (mmHg) 135.5 (19.4) 135.9 (19.5) 128.6 (19.3) 136.8 (23.4) 0.79 0.91 0.94

DBF (mmHg) 80.1 (15.3) 80.7( 14.1) 79.3 (12.7) 84.6 (14.0) 0.14 0.84 0.16

Fasting glucose (mmol.l^) 12.8 (3.5) 9.1 (2.5) 11.3 (2.7) 8.9 (1.9) 0.77 0.001 0.001

HbAl (%) 11.7(2.1) 8.5 (0.9) 9.1 (1.2) 8.6 (1.2) 0.63 < 0.0001 < 0.0001

Fructosamine (mmol.l'^) 2.5 (0.7) 1.9 (0.5) 2.2 (0.4) 2.0 (0.3) 0.77 < 0.0001 < 0.0001

*MCR-glucose“ (ml.kg \min'^) 1.86 (1.4) 2.36 (1.4) 2.30 (1.4) 2.27 (1.4) 0.37 0.0005 0.07

AER(/ig.min^) 8.8 (2 .0) 8.6 (2 .0) 9.3 (2.2) 7.0 (1.9) 0.32 0.79 0.21

Fibrinogen (g/100) 256.4 (43.9) 239.2 (31.0) 253.5 (35.8) 243.3 (46.8) 0.79 0.13 0.34

t-PA antigen (ng.ml'^) 11.3 (2.9) 12.5 (2.4) 12.9 (2.9) 12.4 (3.3) 0.21 0.09 0.15

Data are arithmetic means (±  SD ) or “geometric means (x / -r SD ) for skewed data. Significance of difference between sulphonylurea and insulin therapy, 
and with baseline has been assessed using Student’s t-test for normally distributed data and Wilcoxon rank for skewed data.
BMI; body mass index; WHR: waist-to-hip ratio; STR: subscapular-to-triceps; BP: blood pressure: HbAl: glycated haemoglobin: MCR: metabolic clearance 
rate; AER: albumin excretion rate; t-PA: tissue plasminogen activator; SU: sulphonylurea; I: insulin
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Table 5.17: Insulin sensitivity and insulin-like molecules at first baseline and 16 weeks post treatment with
sulphonylurea and insulin - Study 3B

Baseline (Bl) Post SU Post I p (SU V I) p (SU V Bl) p (1 V Bl)

Insulin* (pmol.l'^) 26.4 (2.2) 38.6 (1.9) 42.7 (1.9) 0.20 0.015 0.002

Proinsulin* (pmol. 1 )̂ 9.8 (2.3) 12.8 (2.7) 8.0 (2 .1) 0.001 0.001 0.19

Des 31,32 proinsulin* 
(pmol.l'^)

3.6 (2.6) 3.4 (3.5) 2.9 (3.8) 0.88 0.88 0.99

Proinsulin ratio*(%) 33.0 (1.6) 28.2 (1.7) 20.8 (1.5) 0.05 0.22 0.002

C-peptide (ng.ml'^) 0.7 (0.3) 0.9 (0.4) 0.8 (0.4) 0.10 0.0007 0.39

Data are arithmetic means (±  SD ) or “geometric means (x / 4- SD ) for skewed data. Significance of difference between 
sulphonylurea and insulin therapy, and with baseline has been assessed using Student’s t-test for normally distributed data and 
Wilcoxon rank for skewed data. Proinsulin ratio: ratio intact plus des 31,32 proinsulin to total insulin-like molecules; SU: 
sulphonylurea; I: insulin.
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Table 5.18; Correlation coefficients of fibrinolytic parameters and cardiovascular risk factors at first baseline - Study 3B

Variables PAI-1 activity Baseline (Bl) 
PAI-1 antigen

t-PA antigen

PAI-1 activity - 0.85= 0.62"

PAI-1 antigen - - 0.43

Insulin 0.54“ 0.24 0.47“

Proinsulin 0.32 0.32 0.25

Des 31, 32 proinsulin 0.50“ 0.33 0.45“

C-Peptide 0.65" 0.43 0.55“

MCR - glucose -0.61“ -0.61" -0.45“

Total triglyceride 0.09 0.05 0.33

Data are Pearson correlation coefficients and significance. “ p <0.05; ’’p <0.01; ""p <0.001. PAI-1: plasminogen ;
t-PA: tissue plasminogen activator; MCR: metabolic clearance rate.
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Table 5.19; Percentage of immunoreactiye insulin as intact proinsulin and as des 31,32 proinsulin in the basal state and after 
75g oral glucose in eight diabetic cirrhotic patients, seven non-diabetic cirrhotic patients, and eight normal control 
subjects - Study 4

Minutes after glucose ingestion

0 60 120 180

Proinsulin (%)
Controls
Cirrhotics
Diabetic cirrhotics^ "

5.6 ±  1.2 
2.3 ±  0.3 
9.1 ±1.0**

1.6 ± 0.3 
1.3 ± 0.4 
5.2 ± 0.9

4.9 ±  0.7 
1.4 ±  0.4 
5.6 ±  1.2

12.1 ±  3.5 
2.9 ±  1.2 
6.8 ±  0.9

Des 31,32 proinsulin (%)
Controls
Cirrhotics
Diabetic cirrhotics**

2.2 ±  0.4
1.4 ±  0.2
3.4 ±  0.5*

1.0 ±  0.1 
0.6 ±  0.2 
1.8 ± 0.4

2.2 ±  0.3 
0.5 ±  0.2 
1.9 ±  0.5

4.6 ±  1.0 
1.3 ±  0.7 
2.1 ±  0.4

Results shown as mean and ±  SEM. Significance of differences between groups was sought by ANOVA followed by Tukey’s multiple 
comparison testing
*p=0.04 compared with control subjects at t=0  mins 
^p=0.006 compared with non-diabetic cirrhotic patients at t =0  mins 

0.001 compared with non-diabetic cirrhotic patients at t=0  mins 
^p<0.02 compared with non-diabetic cirrhotic patients and Up< 0.001 compared with controls for the mean of 60 to 180 min percentages 
**p<0.02 compared with controls for the mean of 60 to 180 min percentages
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Table 5.20: Clinical and biochemical characteristics of all subjects - Study 5A

Variables NGT
(n=149)

IGT
(n=29)

NIDDM
(n=89)

p value**

Age 49 ± 8 52 ± 8 55± 8

NGT vs IGT 

NS

NGT vs 
NIDDM

<0.001

IGT vs NIDDM 

NS
Sex (M,F) 71,78 19,10 68,21 NS <0.001 NS
Ethnicity (A,C)‘ 82,67 16,13 40,49 NS NS NS
Body mass index (kg.m^ 25 ± 3.6 26.3 ±  6.8 27.2 ± 3.6 NS <0.001 NS
Waist-hip ratio (WHR) 0.86 ±  0.1 0.89 ± 0.09 0.93 ± 0.09 NS <0.001 NS
Subscapular-triceps ratio (STR) 1.3 ± 0.6 1.5 ± 0.9 1.8 i  0.8 NS <0.001 NS
Systolic blood pressure (mmHg) 116 ± 16 118 ± 18 128 ± 19 NS <0.001 <0.05
Diastolic blood pressure (mmHg) 73 ± 10 74 ± 12 79 ±  11 NS <0.001 NS
Fasting glucose (mmol.l ') 5.1 ± 1.3 5.7 ± 0.8 8.9 ± 3.2 <0.05 <0.001 <0.001
2-h glucose (mmol.T*) 5.3±1.3 8.8 ±  0.9 15.5 ± 5.5 - - -
Glycated haemoglobin (%) 7.1 ± 1.2 7.3 ± 1.0 9.1 ± 2.2 NS <0.001 <0.001
Fasting C-peptide (nmol.T )̂ 0.48 ± 0.31 0.49 ± 0.13 0.76 ± 0.32 NS <0.001 <0.01
Fasting insulin (pmol.l ') 34 (8-370) 41 (8-799) 74 (8-1866) NS <0.001 <0.02
Fasting proinsulin (pmol.l ') 2.4(0.9-14.1) 3.2 (1.6-14.1) 8.5 (1.9-43.7) NS <0.001 <0.001
Fasting des 31, 32 PI (pmol.l ') 1.9(0.1-17.4) 2.5(0.5-14.1) 6.3 (0.4-39.0) 0.01 <0.001 <0.01
Total triglyceride (mmol.T') 1.1 (0.3-5.3) 1.4 (0.3-4.0) 2.0 (0.5-9.0) NS <0.001 <0.01
Total cholesterol (mmol.l ') 5.8 ± 1.4 6.0 ±  1.3 6.7 ± 1.4 NS <0.001 NS -
LDL-cholesterol (mmol.T') 3.8 ±  1.3 4.0 ± 1.0 4.5 ± 1.3 NS <0.001 NS
HDL-cholesterol (mmol.T') 1.4 ± 0.4 1.3 ± 0.3 1.2 ± 0.3 NS <0.001 NS
PAl-1-activity (AU.ml*') 17.1 ± 6.9 16.8 ± 5.0 23.0 ± 6.9 NS <0.001 <0.001

Data shown as mean ± sd or median (range), *A, Asian; C, Caucasian
Significance of difference analyzed by ANOVA with pairwise comparison by Bonferroni method and adjusted for age and sex. For non-normally distributed data 
ANOVA (Kruskall-Wallis test) was used, if the p value was <0.005 then performed pairwise analyses using Mann Whitney U test was used.
IGT - impaired glucose tolerance, NGT - normal glucose tolerance, NIDDM - non-insulin-dependent diabetes
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Table 5.21; Characteristics of diabetic and non-diabetic subjects studied - Study 5B

Diabetic (n=24) Nondiabetic (n=50)

Age (yrs) ^59.6±10.6 58.0+8.5 ns

Time from AMI (months) 9.5 (6 to 24) 9.5 (6 to 24) ns

Body mass index (kg.m'^ 28.1 (22.2 to 32.7) 25.4(20.4 to 37.5) ns

Waist-hip-ratio 0.97 (0.88 to 1.10) 0.95 (0.83 to 1.00) 0.02

Triglycerides (mmol.l *) 2.9 (2.2 to 8.1) 1.9 (0.6 to 6.5) 0.01

Total cholesterol (mmol.l *) 6.8±1.4 6.2 + 1.2 ns

HDL-cholesterol (mmol.l *) 0.9 (0.6 to 1.6) 1.1 (0.5 to 1.7) ns

LDL-cholesterol (mmol.l *) 4.65 + 1.10 4.70+1.00 ns

Systolic blood pressure (mmHg) 140.6+16.2 135.2+18.2 ns

Diastolic blood pressure (mmHg) 89.5 + 8.3 82.9 + 8.1 0.002

Fasting plasma glucose (mmol.l *) 9.6+2.9 5.5+0.5 0.0001

Glycated haemoglobin (%) 9.9+2.1 7.2+0.7 0.0001

Fasting plasma immunoreactive insulin (pmol.l *) 118.3 (42.2 to 256.6) 71.7 (18.8 to 186.9) 0.0001

Fasting specific insulin (pmol.l *) 94.0 (26.0 to 399.0) 75.5 (19.0 to 242.0) 0.04

Fasting intact proinsulin (pmol.l *) 11.7 (4.6 to 60.8) 3.7 (1.4 to 34.7) 0.0001

Fasting des 31,32 proinsulin (pmol.l *) 6.2 (1.4 to 14.1) 1.2 (0.2 to 12.5) 0.0001

jO-cell function (%) 70.6 (12.7 to 166.1) 127.2 ( 57.1 to 305.4) 0.0001

Insulin sensitivity 21.3 (5.2 to 67.6) 31.2 ( 10.3 to 124.9) 0.001

PAI-1 activity (AU.ml *) 25.3+6.7 20.4+7.1 0.004

Values are mean and standard deviation for normally distributed data and median and range for skewed data. AMI = acute myocardial infarction.
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Table 5.22 Relationship between PAI-1 activity and other variables in survivors of myocardial infarction - Study 5B

PAI activity (AU/ml)

All subjects Non-diabetic Diabetic
(n=74) (n=50) (n=24)

Age *r=-0.25; p<0.05 *r=0.15; NS *r=-0.55; p=0.0001
Body mass index (kg.m )̂ r=0.24; p=0.02 r=0.25; p=0.04 r=0.02; NS
Waist-to-hip ratio r=0.23; p=0.026 r=0.27; p=0.032 r=0.04; NS
Fasting plasma glucose (mM) *r=0.46; p<0.0001 *r=0.04; NS *r=0.45; p< 0.0001
Glycated haemoglobin (%) *r=0.47; p<0.0001 *r=0.17; NS *r=0.47; p< 0.0001
Serum triglycerides (mM) r=0.43; p<0.0001 r=0,30; p=0.018 r=0.50; p=0.006
Fasting plasma immunoreactive insulin (pM) r=0.45; p < 0.0001 r=0.30; p = 0.017 r=0.43; p=0.019
30 min plasma immunoreactive insulin (pM) r=-0.03; NS r=0.12; NS r=0.06; NS
120 min immunoreactive insulin (pM) r=0.09; p=NS r=0.12; NS r=0.07; NS
Fasting plasma lEMA insulin (pM) r=0.24; p=0.019 r=0.22; p=0.59 r=0.02; NS
30 min plasma lEMA insulin (pM) r=0.02; NS r=0.23; p=0.032 r=-0.13; NS
120 min plasma lEMA insulin (pM) r=0.02; NS r=0.18; NS r=-0.18; NS
Fasting plasma intact proinsulin (pM) r=0.53; p<0.0001 r=0.34; p=0.001 r=0.47; p=0.012
Fasting plasma des 31,32 proinsulin (pM) r=0.54; p<0.0001 r=0.44; p=0.0001 r=0.50; p=0.06
Insulin sensitivity r=-0.30; p=0.004 r=-0.21; p=0.08 r=-0.14; NS
Beta cell function (%) r=-0.13; NS r=0.21; p=0.07 r=-0.47; p=0.01

*Pearson correlation, all others Spearman rank correlation
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Table 5.23: Partial correlation coefHcients between PAI-1 activity and insulin-like molecules controlling for body mass index
Study 5A

All subjects (n=74) Non-diabetic Diabetic (n=24)
(n=50)

Fasting plasma lEMA insulin (pmol.l* )̂ r=0.15, ns r=0.25, p=0.04 r=0.06, ns
Fasting plasma intact proinsulin (pmol.l'^) r=0.47, p<  0.0001 r=0.42, p=0.002 r=0.37, p=0.014
Fasting plasma des 31,32 proinsulin (pmol.H) r=0.49, p < 0.0001 r=0.49, p < 0.0001 r=0.32, p=0.07
Fasting serum triglycerides (mmol.l'^) r=0.37, p < 0.001 r=0.13, p=0.11 r=0.52, p=0.006
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Table 5.24: Multiple regression analysis for determinants of PAI-1 activity in survivors of myocardial infarction - Study 5B

Variables in b-weight t Sig of t r̂  r̂  change F change Sig of 
equation (SE) change

Des 31,32 proinsulin 9.5 (2.1) 4.5 0.000 0.31 31.0% 30.5 0.001
Triglycerides 7.7 (3.1) 2.5 0.016 0.37 6.2% 6.1 0.013

b is the regression weight; SE standard error of the b-weight, t is the test of significance of the b-weight and measures whether or not the 
variable associated with that b-weight is contributing significantly to the r̂
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Table 5.25; Characteristics of the study population - Study 6

Variable Mean(SD)

Age (yrs) 58.1 (7.7)

Body mass index (kg.m’̂ ) 27.6 (5.0)

M:F 56:26

Race (C:AC:A:MR) 56:11:11:2

Systolic blood pressure (mmHg) 136.1 (23.9)

Diastolic blood pressure (mmHg) 80.1 (12.7)

Fasting plasma glucose (mmol.l'^) 9.7 (3.8)

Total cholesterol (mmol.l'^) 5.6 (1.2)

HDL- cholesterol (mmo 1.1^) 1.2 (0.3)

LDL- cholesterol (mmo 1.1^) 3.7 (1.1)

* Triglycerides (mmol.l'^) 1.5 (1.8)

* Insulin (pmol.l'*) 43.4 (2.5)

*Intact proinsulin (pmol.l *) 8.8 (2 .2)

* des 31,32 proinsulin (pmol.l'*) 3.7 (2.5)

* Beta cell function (HOMA %) 35.8 (2.8)

* Insulin sensitivity (HOMA %) 52.0 (2.5)

IGF-1 (ng.ml*) 125.4 (42.0)

IGF-2 (ng.ml *) 596.9 (172.1)

IGFBP-3 (ng.ml *) 7.3 (2.0)

*IGFBP-1 (ng.ml*) 14.0 (2.2)

PAI-1 activity (AU.ml *) 17.5 (10.1)

Data are arithmetic means + SD and * geometric means x / 4- SD 
C = Caucasian, AC = Afro-caribbean, A = Indian Asian, MR = mixed 
race. M=male, F = female. HOMA = Homeostasis Model Assessment. 
PAI-1= plasminogen activator inhibitor, HDL = high density lipoprotein, 
LDL = low density lipoprotein, IGF = insulin-like growth factor,
IGFBP = insulin-like growth factor binding
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Table 5.26; Multiple regression analyses of the relationship between concentrations of IGFBP-1 to other cardiovascular risk
factors and metabolic indices after adjusting for age and BMI - Study 6

Variable r P
Systolic blood pressure -0.11 0.35

Diastolic blood pressure -0.20 0.09

Fasting plasma glucose 0.10 0.38

Total cholesterol 0.02 0.87

LDL cholesterol 0.06 0.59

HDL - cholesterol 0.40 <0.001

Triglycerides* -0.25 0.04

Insulin* -0.39 <0.001

Intact proinsulin* -0.32 0.005

Des 31,32 proinsulin* -0.41 <0.001

PAI-1 activity -0.24 0.02

Beta cell function* -0.32 0.005

Insulin sensitivity* 0.38 0.001

198



Table 5.27: Multiple regression analyses of the relationships of IGFBP-1 and lipids, PAI-1 and insulin precursors adjusting for
age, BMI, sex and fasting insulin concentrations - Study 6

Variable IGF-1 IGF-2 IGFBP-3 IGFBP-1

r P r P r P r P
Total - cholesterol -0.17 0.16 0.24 0.06 0.24 0.04 0.05 0.70

LDL - cholesterol -0.15 0.22 0.24 0.06 0.20 0.09 0.07 0.53

HDL - cholesterol -0.33 0.005 -0.15 0.26 0.07 0.55 0.40 <0.0001

Triglycerides 0.03 0.80 0.16 0.24 0.14 0.24 -0.19 0.12

Intact proinsulin -0.08 0.50 0.07 0.59 0.09 0.43 -0.26 0.03

des 31, 32 proinsulin -0.03 0.84 0.12 0.38 0.13 0.32 -0.31 0.01

PAI-1 activity -0.18 0.17 -0.07 0.64 -0.03 0.85 -0.18 0.17
PAI-1 = plasminogen activator inhibitor-1; IGF = insulin-like growth factor; IGFBP = insulin-like growth factor binding protein; HDL 
= high density lipoprotein; LDL = low density lipoprotein.
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Table 5.28; Clinical characteristics of subjects with insulinoma - Study 7

Characteristic n=20

Sex (M:F) 4:16
Age (yrs) 58.0(32-82)

BMI (Kg.m'2) 25.5(20.1-38.4)
Triglycerides 104(60-253)

Total cholesterol 203(138-352)
HDL cholesterol 45(28-77)

HbAlc 4.5(3.6-5.8)
Duration of symptoms (months) 22.5(0.5-120
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Table 5.29; Insulin-like molecules in subjects with insulinoma - Study 7

Patient Fasting (h) Glucose
(mg.dl*)

IRI
(pmol.r*)

Intact PI Des 31,32 
PI

Des 54,65 
PI

% Pl-like 
molecules

1 26.3 33.5 57.1 7.9 4.4 2.2 25.4
2 7.3 30.0 144.6 12.0 27.2 9.8 33.9
3 30.0 27.0 151.2 10.2 22.9 12.1 29.9
4 12.0 31.0 74.9 3.9 12.9 1.1 23.9
5 8.0 40.0 169.4 25.9 30.1 10.0 38.9
6 9.0 37.0 571.9 22.8 160.7 8.5 33.6
7 19.0 31.0 106.4 4.9 6.3 3.9 14.2
8 7.0 32.0 57.4 3.9 1.8 0.5 10.8
9 6.5 29.0 247.8 20.3 5.6 4.3 24.3
10 19.5 41.0 61.6 1.8 15.3 6.2 37.8
11 12.0 33.0 260.4 89.3 37.6 15.7 54.8
12 7.0 36.0 205.1 30.0 32.2 13.2 36.8
13 8.0 29.0 136.5 10.7 46.5 14.1 52.2
14 12.0 39.0 120.4 12.5 1.8 2.0 13.5
15 13.0 30.0 110.6 19.1 80.2 2.8 92.3
16 12.5 25.0 65.1 3.9 10.1 5.4 29.8
17 13.0 31.0 192.5 9.3 7.8 6.2 12.1
18 32.0 36.0 114.1 42.3 12.0 10.7 57.1
19 14.0 35.5 239.1 14.6 3.4 2.5 8.6
20

reactive insulin
18.0 36.0 177.1 80.8 7.9 18.3 60.4

ilecules: percentage proinsulin-like molecules: Intact + des 31,32 + des 64,65 X 100

IRI
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CHAPTER 6

Conclusions

202



The work from this dissertation has allowed some insight into the 

immunogenicity of the proinsulin-like molecules, the methodology of 

producing heterohybridomas, novels routes of immunisation and the use of 

lymphocytes, other than splenic ones, for the production of hybridomas. 

Antibodies, both in-house and commercially available, were used to 

develop assays for intact, des 31, 32 and des 64, 65 proinsulin, with the 

required sensitivity and specificity.

The initial study outlined, in Chapter 2, to ascertain the immunogenecity of 

the des forms of the antigen in guinea-pigs, a species of host sharing the 

least homology with human proinsulin-like molecules, successfully raised 

polyclonal antibodies to both des 31, 32 and des 64, 65 proinsulin. The 

des 31,32 proinsulin appeared the less immunogenic form in all the 

animals tested, with the des 64, 65 molecule eliciting a more powerful 

antibody response. The major limitation of the study was the lack of 

adequate amounts of the des 31,32 proinsulin and des 64, 65 proinsulin in 

the purified state for immunisation. This meant some of the studies had to 

be carried out using intact proinsulin and therefore the selection of the 

hybridomas was inadequate. This also meant that, as well as the 

immunisations, the screening and specificity studies could be carried out 

only a very limited number of times. Despite these drawbacks the results 

produced antisera from 2 guinea-pigs with a high degree of specificity for 

human des 64, 65 proinsulin. These represented 20% of the animals 

immunised and confirmed the feasibility of the use of these antigens to 

immunise lymphocytes for hybridoma production.

Due to the small size of the host it is unlikely that more than 2 to 5 ml of 

antisera with antibody of a desired specificity and affinity would be 

available for use. For this reason it was necessary to explore routes of 

fusing the guinea-pig lymphocytes with mouse plasmacytoma cells. Several 

attempts were made to achieve this inter-species fusion. The plasmacytoma 

cells were grown in media supplemented with guinea-pig serum and guinea-
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pig feeder cells were used. This approach has been successful in aiding the 

fusion of rabbit and mouse lymphocytes to produce hybridomas (Tucker et 

al, 1984). Furthermore two different plasmacytoma cell-lines, JK.Ag.653 

and SP2/0, were tried in the fusions, as in a previous study it has been 

shown that the plasmacytoma cell-line can influence the outcome of the 

fusion (Mirza et al, 1987). On microscopic examination there appeared to 

be fusion and intriguingly one of the fusions appeared to secrete antibody, 

but this was sustained only for a very short period, 20 to 30 days. None of 

these modifications was successful in producing a dividing and viable 

guinea-pig x mouse heterohybridoma. The most likely explanation for this 

failure is incompatibility of the two species, because of major differences in 

antigenic structure, as illustrated by the differences in the amino-acid 

sequences of their proinsulin-like molecules, which are highly conserved 

molecules across the species examined. A more detailed exploration of this 

incompatibility was not possible due to antigen limitation and time 

constraints.

There is some evidence that the route of immunisation could affect the 

immune response produced. This was explored by attempting three 

different route of immunisation: footpad, intrasplenic and in vitro (Chapter 

3). The routes selectively immunise different populations of lymphocytes 

and influences the length and strength of the immunogen to which they are 

exposed. These immunisations were tried in mice using intact proinsulin as 

the initial immunogen. The in vitro immunisation was carried out with 

mouse splenic cells being primed in vitro with intact proinsulin. This 

immunisation was done following a protocol provided by a commercially 

available kit (Cel-Prime, Immune Systems, Bristol, UK). The 

immunisation gave rise to what appeared to be a primary response 

consisting of IgM antibodies with low specificity and affinity. No 

modification or optimisation of this procedure was attempted due to lack of 

antigen.
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This method has been used previously successfully to elicit immune 

response to other conserved immunogens, which would have otherwise 

failed to produce a response in vivo. The response here may have been 

better if different initial doses of antigen could have been tried, as the 

problem may have been that the antigen in the media was depleted faster 

than anticipated and thus the cells inadequately primed. Also, the lack of 

antigen did not allow the des forms of the antigen to be used in this type of 

immunisation. This may have produced different results as the 

internalisation and processing of the antigen prior to presentation to the 

lymphocytes by the antigen presenting cells varies with molecules with 

different amino acid sequences and conformations.

The footpad immunisation produced the best results for all three antigens. 

This route of immunisation, followed by using the popliteal lymphocytes in 

the fusions, has not previously been tried with the proinsulin-like 

molecules. Several hybridomas, both IgGs and IgMs, were produced using 

this method with all three immunogens. The ratio of IgMs to IgGs 

appeared slightly higher than would be expected with conventional 

immunisation and splenic fusions. However no firm conclusions regarding 

the nature of the immune response can be drawn as no direct comparison 

was done, and in any event the IgMiIgG ratio varies from antigen to 

antigen and according to the conditions used. The results from this route 

of immunisation also confirmed the outcome of the polyclonal study, that 

the des 31, 32 form is the least immunogenic species in comparison with 

either the intact or des 64, 65 proinsulins.

The work done on raising hybridomas and the polyclonals in guinea pigs 

may be of specific relevance if future work is to be undertaken to produce 

antibodies and develop specific assays for the des and split products. One 

approach that has not been attempted in this study is to isolate anti

proinsulin antibody secreting cells and to use their DNA in phage antibody 

technology (Winter and Milstein, 1991) thereby producing a more tailored
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antibody for use in these assays.

Using commercially available antibodies assays were first set up for intact 

and des 31, 32 proinsulins (Chapter 4). These were initially developed as 

cellulose IRMAs and this assay confirmed previously reported limits of 

detection, sensitivities and cross-reactivities (Sobey et al, 1989). The assay 

format was then changed for use as microplate immunometric assays for 

ease of use and speed. The assays were tried using two different detection 

systems, as lEMAs with alkaline phosphatase labelled second antibodies 

(A6 and PEPOOl), combined with amplification using alcohol 

dehydrogenase and diaphorase (Self, 1985). This amplification has been 

reported to detect to 0.02 pmol.1% with potential for greater amplification 

as the label could be detected to 1 zeptamole (Cook and Self, 1993). This 

was not confirmed by these assays which, while achieving limits of 

detection of down to 0.1 pmol.l * appeared to over-recover antigen from 

spiked samples. This may be because the immunoglobulin fraction used 

consisted of only a small proportion of antigen-specific antibody, the 

enzyme label was inadequately purified or because the amplification 

enzymes required further optimisation. Using the iodinated second 

antibodies these assays were found to have sensitivities and specificities 

exceeding those reported for the corresponding cellulose IRMAs (Sobey et 

al, 1989). The assays were easier to run and enabled greater sample 

throughput.

The assay for des 64, 65 proinsulin was developed using the same format 

as for the intact and des 31,32 forms, microplate IRMA (Chapter 4). The 

capture antibody was one of the polyclonal antibodies raised to des 64, 65 

proinsulin, but because of some residual cross-reactivity with intact 

proinsulin the antibody was initially incubated on intact proinsulin coated 

plates to reduce non-specific binding. This adsorption, while reducing the 

amount of antibody available for the assays, allowed a more specific assay 

for des 64, 65 proinsulin with a limit of detection of 0.1 pmol.l^ and cross-
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reactivities of less than 5% for insulin, intact proinsulin, des 31, 32 

proinsulin, C-peptide and IGF-1.

These assays were then applied to a wide range of samples to look at the 

role of the proinsulin-like molecules in different clinical conditions 

(Chapter 5). In the non diabetic state they were studied in both Asians and 

Caucasians with NOT and IGT, and their relationship with other risk 

factors was ascertained. While having higher absolute levels of proinsulins 

Asians were also more hyperinsulinaemic and therefore the percentage of 

the total insulin-like molecules were similar in the Asians and Caucasians. 

The concentrations of des 31, 32 proinsulin was found to correlate more 

strongly with those of lipids and fibrinogen, than did those of insulin per 

se, but neither proinsulin nor des 31,32 proinsulin correlated with blood 

pressure, in a group of NGT Europids. The correlation with lipids has 

been shown by other groups using total proinsulin assays which are unable 

to differentiate intact from des 31,32 proinsulin (Haffner et al, 1993; 

Grootenhius et al, 1993). These 2 studies also showed correlation with 

blood pressure which we did not show either in non diabetic subjects, or in 

subjects with NIDDM. Although this may be because of the use of specific 

assays for the proinsulins, 24-h ambulatory blood pressure measures and a 

very homogeneous population. As seen in previous reports we have 

confirmed raised levels of the propeptides in NIDDM.

Hypoglycaemic therapy and its effect on the proinsulins were studied in 

NIDDM subjects being treated with metformin, sulphonylurea and insulin. 

Our observations are more consistent with proinsulin-like molecules 

representing a marker for insulin sensitivity and jS-cell dysfunction rather 

than having any direct effect on levels of risk.

In cirrhotic patients we have shown for the first time that the 

hyperinsulinaemia is not a consequence of cross-reactivity of these antigens 

in assays for insulin.
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Because a relationship between PAI-1 and proinsulins have been indicated 

from in vitro and in vivo studies (Nordt et al, 1995; Schneider et al, 1992), 

the relationship between PAI-1 and concentrations of proinsulins was 

studied, in Asians and Caucasians and in survivors of myocardial 

infarction. The relationship between PAI-1 and the proinsulins may in 

some way be mediated by elevated concentrations of triglycerides, or the 

relationship may merely be indicative of an association via a common 

antecedent.

The relationship of concentrations of proinsulin-like molecules with IGFs 

and their binding proteins (IGFBP-1 and IGFBP-3) has been shown for the 

first time. A significant negative correlation was shown between intact and 

des 31, 32 proinsulin and IGFBP-1. While it would be interesting to 

speculate that this is due to a direct effect of the proinsulins binding to 

IGFBP-1 and altering its bioavailability, it is more likely that the 

proinsulins are a better index of portal insulin delivery due to their longer 

half-life or of insulin resistance.

The last study, looking at the levels of all three propeptides in subjects with 

histologically confirmed insulinomas, was carried out for two reasons: 

firstly to ascertain if there are des 64, 65 proinsulin-secreting insulinomas, 

and secondly, to determine levels of this proinsulin under conditions where 

its levels would be expected to be highest. Many assays for insulin are 

considered specific for insulin despite showing a high degree of cross

reactivity with only des 64, 65 proinsulin and not the other propeptides. In 

vitro data, as well as limited in vivo data, point to this cross-reactivity 

generally being unimportant under physiological conditions, due to the low 

absolute levels of this molecules in the circulation, and so this cross

reactivity has largely been ignored. We have confirmed that even in 

subjects with insulinomas levels of des 64, 65 proinsulin are no higher than 

5 % of those of insulin and therefore endorse these assays for insulin as 

being specific.
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In conclusion, because of the relatively low levels of circulating proinsulins 

seen in the various conditions studied it is difficult to imagine these 

molecules to be directly involved in a causal role in either cardiovascular 

disease or NIDDM. But the recent report of the presence of binding sites 

on IM-9 lymphoblasts with greater affinity for proinsulin than for insulin is 

certainly intriguing (Jehle et al, 1996). If the presence of proinsulin 

receptors are confirmed then the circulating levels in these different 

conditions might be adequate to actually have a causal effect. Further 

confirmation of this work is eagerly awaited.
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