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ABSTRACT

Autoantibodies are found in the bloodstream in a number of diseases in 
humans. Systemic lupus erythematosus (SLE) and the antiphospholipid 
syndrome (APS) are two diseases in which there is evidence that such 
antibodies actually cause tissue damage. In SLE, antibodies which bind to 
double stranded DNA (anti-dsDNA) are most strongly linked to disease 
activity and renal damage. In APS, anti-phospholipid antibodies (APL) are 
similarly implicated in the disease process.

In both cases, analysis of patients' sera shows that IgG antibodies which 
bind antigen with high affinity and high specificity are the most closely 
associated with disease activity. Analysis of the sequences of monoclonal 
anti-dsDNA and APL derived from humans or mice suggests that these 
binding properties are derived by antigen driven accumulation of mutations 
in the complementarity determining regions (CDRs) of the heavy and Ight 
chains. These mutations often increase the content of basic amino acids in 
the CDRs.

This thesis describes the determination and analysis of variable region 
sequences of four high affinity human IgG APL and one high affinity human 
IgG anti-DNA antibody. They show evidence of antigen driven somatic 
mutation and some accumulation of basic residues in CDRs. A particular Vx 
gene, 2a2, was found to encode both APL and anti-DNA antibodies but 
different mutations were present in the two types of antibody.

A system for expressing cloned variable region cDNA from human 
monoclonal autoantibodies was developed. The products of the expression 
system were whole IgG molecules which showed very similar binding 
properties to the monoclonal antibodies from which the cloned cDNA had 
been derived. This system was used to demonstrate that both chains are 
important in conferring the ability to bind DNA upon these antibodies.
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CHAPTER 1 INTRODUCTION

1.1 STRUCTURE. FUNCTION AND C L A S S IF IC A T IO N  OF 
ANTIBODIES

1.1.1 Antibodies

Antibodies were first described by von Behring and Kitisato in 1890 

(Siiverstein 1989) . They are also known as immunoglobulins (Ig) because 

they form part of the globulin fraction of plasma proteins and because they 

serve an important function in the immune system. This function is to 

recognize foreign cells or molecules which have entered the body and, by a 

variety of mechanisms, to ensure their destruction. These mechanisms 

include complement fixation and opsonization by phagocytic cells which 

carry surface Ig receptors. By this means, the body develops humoral 

immunity against potential pathogens such as bacteria or viruses. Together 

with the cellular immunity provided by cytotoxic T lymphocytes, and the 

recruitment of non-specific effector cells by release of cytokines from 

antigen-specific T helper lymphocytes, the antibody response provides a 

flexible and powerful immunological defence arsenal.

in addition to antibodies which develop in response to the presence of 

foreign antigens, the immune system creates some antibodies 

spontaneously, without being immunized against the relevant antigens. 

These have been termed natural antibodies.
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1.1.2 Natural antibodies

Natural antibodies are found in the bloodstream of normal healthy 

individuals (Abu-Shakra and Shoenfeld 1993) but are more common in 

certain lymphoid malignancies such as myeloma and Waldenstrom's 

macroglobulinaemia. They may be IgM, IgG or IgA antibodies (defined in 

section 1.1.5) but IgM are the most common. A single natural antibody may 

often bind a number of different antigens (Avrameas 1991). Antibodies 

which bind several antigens are referred to as polyreactive or polyspecific. 

Furthermore, the majority of natural antibodies bind to antigens which are 

constituents of the host tissues (Avrameas 1993). These are called natural 

autoantibodies.

1.1.3 Autoantibodies

Autoantibodies are antibodies which bind to antigens present within the 

body of the host individual. Clearly, their existence constitutes a risk that the 

immune system will attack the host, leading to an autoimmune disease state, 

but fortunately this does not always occur. Natural autoantibodies also occur 

commonly in healthy people (Abu-Shakra and Shoenfeld 1993, Avrameas 

1993) and animals. Underwood et al (1985) showed that such antibodies 

occur even in mice raised under germ free conditions or in athymic mice. 

Thus, neither exposure to antigen nor extensive T cell help is needed for the 

formation of natural autoantibodies. It has been been suggested that cells 

producing these autoantibodies form a primitive immune system in the fetus 

(Pereira et al 1986) and that after birth environmental antigens act to 

increase diversity in this system to produce the mature antibody repertoire 

(Naparstek et al 1986).
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In some diseases, antibodies to tissue-specific antigens such as 

thyroglobuiin are produced. These may be associated with disease 

processes confined to those tissues (Schwartz and Stellar 1985). In other 

conditions the autoantibodies produced bind to antigens which are 

practically ubiquitous in the body. These diseases are characterized by 

manifestations in a wide variety of different organs either simultaneously or 

on different occasions. As neither the disease nor the antigen is tissue 

specific, it is not always straightforward to determine whether the 

autoantibody is actually causing the tissue damage seen. In some systemic 

autoimmune diseases, however, there is strong evidence pointing to the 

pathogenic role of particular autoantibodies. Pathogenic autoantibodies 

commonly differ from natural ones in that they are more likely to be of the IgG 

isotype, and to show high affinity, monospecific binding to a particular 

antigen. The work described in this thesis investigates the properties of such 

antibodies in two of these conditions, systemic lupus erythematosus (SLE) 

and the antiphospholipid antibody syndrome (APS). Blood taken from 

patients with either of these conditions contains a mixture of antibody 

species derived from separate clones of antibody producing cells. It is 

difficult to isolate antibodies derived from a single clone from this polyclonal 

mixture. In order to study the sequence characteristics and binding 

properties of a particular Ig molecule it is more convenient to study 

monoclonal cell lines in which every cell has rearranged its genomic DNA in 

the same way and secretes the same antibody.

1.1.4 Monoclonal antibodies

Early work on antibody structure and sequence relied heavily on the study of 

monoclonal antibodies (mAb) derived from patients with myeloma 

(Hilschmann and Craig 1965, Edelman et al 1969, Wu and Kabat 1970).
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The disadvantage of myeloma proteins is that their binding properties 

cannot be controlled by the investigator. In order to study a mAb which 

bound a particular antigen of interest, it was necessary to develop a method 

for immortalizing B cells which secreted antibodies of predefined specificity 

(Kohler and Milstein 1975). This method was originally used to make murine 

mAb and involves the fusion of B lymphocytes with cells of immortal 

myeloma lines to produce hybridomas. The hybridoma method was 

subsequently modified to allow the production of human mAb (Olsson et al 

1980, Teng et al 1983). Hybridomas have been used widely in the 

production of human monoclonal anti-DNA antibodies and antiphospholipid 

antibodies (APL) (Shoenfeld et al 1982, Hoch and Schwaber 1982, 

Siminovitch et al 1990, Ravirajan et al 1992, Winkler et al 1992 , Ehrenstein 

et al 1993).

An alternative method of producing human monoclonal antibodies is to 

select peripheral B lymphocytes for binding to a particular antigen and then 

to immortalize them by infection with Epstein Barr virus (EBV) (Steinitz et al 

1977). This method has also been used to produce human monoclonal anti- 

DNA and APL (Sanz 1989,van Es et al 1991, van Es et al 1992, Paul et al 

1992)

1.1.5 Structure of antibody molecules

Ig molecules consist of four peptide chains which can be separated 

biochemically. There are two light chains of about 220 amino acids each 

and two heavy chains of about 500 amino acids. There are two types of light 

chain, designated kappa and lambda. Within one Ig molecule both heavy 

chains and both light chains are identical. The heavy and light chains are 

linked by stabilizing disulphide bonds to form a structure shown
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schematically in Figure 1.1. Digestion of immunoglobulin with papain gives 

three fragments, two of which are identical and capable of binding antigen 

(the Fab fragments) while the other does not bind antigen but is 

crystallizable (the Fc fragment).

The antigen binding properties of the Ig molecule reside only in the Fab 

portion. The Fc part of the molecule consists of the carboxyl terminal halves 

of the heavy chains. In mammals there are five different classes of heavy 

chain so that there are five classes of antibody molecule. These are called 

IgG, IgM, IgA, IgD and IgE and the heavy chains within them are denoted by 

the Greek counterparts y,p,a,0 and e respectively. Within the IgG class 

there are four subclasses IgGI to lgG4 and there are also two IgA 

subclasses IgAI and lgA2. It has been discovered that the genetic basis for 

these classes and subclasses (together termed isotypes) is that the human 

genome contains a separate constant region gene for each isotype 

(Ravetch et al 1981, Flanagan and Rabbitts 1982). The majority of 

immunoglobulins found in the bloodstream are IgG or IgM and this thesis will 

be concerned primarily with those isotypes.

1.1.6 Variable and constant regions

The first sequences of antibody light and heavy chains were obtained by 

studying mAb derived from patients with myeloma (Hilschmann and Craig 

1965, Edelman et al 1969, Cunningham et al 1969). Amino acid 

sequencing showed that whereas the sequences of the carboxyl half of the 

light chain and the carboxyl three-quarters of the heavy chain were almost 

invariant between antibodies of the same isotype, the sequence of the 

remaining amino-terminal part of each chain was highly variable 

(Hilschmann and Craig 1965, Edelman et al 1969, Wu and Kabat 1970). The
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Figure 1,1 Structure of the IgG Molecule
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carboxyl and amino parts of the chains were therefore designated the 

constant (C) regions and variable (V) regions respectively. As shown in 

Figure 1.1, the variable regions of the light (VJ and heavy (V h ) chains form 

the ends of the Fab arms of the molecule.

Variability of sequence in the V regions is not constant along the length of 

the sequence (Wu and Kabat 1970). Three areas of particularly high 

variability in each chain are separated by regions which are much more 

conserved between different antibodies. The regions of high and low 

variability are termed complementarity determining regions (CDRs) and 

framework regions (FRs) respectively. Crystallographic studies have shown 

that the CDRs form the majority of the antigen binding site (Amzel et al 1974, 

Herron et al 1991, Barry et al 1994).

1.1.7 Allotypes and idiotypes

Antibody molecules can themselves act as antigens. Antibodies can be 

raised against determinants in the Fc region and these can distinguish 

antibodies of different isotypes. Thus a mouse anti-human IgM antibody will 

bind all human IgM but not human IgG. Other determinants in Fc are present 

in some individuals but not others. The presence or absence of these 

determinants is inherited in a simple Mendelian fashion and they are 

therefore known as allotypes.

Some anti-lg antibodies recognize determinants in the V regions. V region 

determinants recognized by polyclonal antisera are called idiotypes 

whereas those recognized by monoclonal antibodies are called idiotopes. 

Some idiotypes are present on antibodies binding to a wide range of 

different antigens. These public or cross-reactive idiotypes are usually
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encoded by sequences in the FRs. Other (private) idiotypes are more 

restricted to antibodies of a single specificity and in some cases binding of 

the antibody to antigen is inhibited by the presence of anti-idiotype. This 

suggests that the idiotype is at or very close to the antigen binding site itself. 

It has been argued that antibodies within the body exist in a network where 

each antibody is linked to others by idiotype/anti-idotype interactions. 

Disturbance of this network might cause an imbalance between particular 

antibodies and their anti-idiotypes which might then lead to autoimmune 

disease, particularly if the antibodies so disturbed were autoantibodies.

One attractive feature of anti-idiotypic reagents is that they can be used to 

investigate whether antibodies of a particular idiotype are deposited in 

damaged tissues. If it can also be shown that this idiotype is characteristic of 

antibodies which bind a particular antigen then it is likely that antibodies of 

that specificity are present in the affected tissue. This reasoning has been 

widely used in the study of anti-DNA antibodies in SLE (Isenberg et al 1984, 

Isenberg and Collins 1985, Kalunian et al 1989).

1.2 SLE AND THE IMPORTANCE OF ANTIBODIES TO DOUBLE 

STRANDED DNA (ANTI-dsDNA)

1.2.1 Aetiology of SLE

SLE is an autoimmune disease with an incidence of approximately four 

cases per 10^ people per year in the UK (Johnson et al 1995). The peak age 

of onset is between the ages of 20 and 40 and women are more commonly 

affected than men. The condition is commoner in some racial groups than 

others. Recent data show that in Birmingham (UK) the prevalence of SLE in 

women is 206 per 10^ in Afro-Caribbeans, 91 per 10^ in Asians and 36 per
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10^ in Caucasians (Johnson et al 1995). For men the corresponding figures 

were 9.3 per 10 -̂ 2.6 per 10^ and 3.4 per 10^ for these three ethnic groups 

respectively. These sex and race differences are broadly consistent with 

those reported by other groups in Europe and the USA (Fessel 1974, 

Silman and Hochberg 1993).

A genetic component in the aetiology of SLE is suggested by these racial 

differences and by the higher concordance for SLE in monozygotic twins 

compared to dizygotic twins (Block et al 1975, Silman and Hochberg 1993). 

Some genes linked to SLE are present in the Major Histocompatibility 

Complex (MHC). In humans the MHC is also called the Human Leukocyte 

Antigen System A (HLA). The HLA class I antigens A1 and 88 and the class 

II antigen HLA DR3 have consistently been associated with SLE (Walport et 

al 1982, Worrall et al 1990, Silman and Hochberg 1993). This association 

may be due to linkage disequilibrium of these HLA genes with null alleles of 

the genes encoding early components of the complement cascade, which 

are also present on chromosome 6. Fielder et al (1983) showed that lupus 

patients were more likely than normal controls to possess null alleles of 

C4A, C4B, or C2. They also demonstrated that null alleles tended to be 

inherited on the same haplotype as HLA DR3 in these patients. Even in 

patients who are HLA DR3 negative, however, there is an increased 

incidence of C4A and C4B null alleles (Batchelor et al 1980). This suggests 

that abnormalities in complement may predispose to SLE, independently of 

any linkage to the MHC.

The role of complement in the aetiology of SLE is supported by studies of 

the rare patients who suffer from hereditary deficiencies of complement 

components (Walport 1993a, Walport 1993b). 28 of 30 patients with C lq  

deficiency reviewed by Bowness et al (1994) had SLE. The C lq  gene is on
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chromosome 1, and not physically linked to the MHC, C4 and C2 genes on 

chromosome 6. About 75% of patients with C4 deficiency and 33% of those 

with C2 deficiency develop SLE (Walport 1993b, Bowness 1994).

It is not clear exactly why complement deficiency predisposes to SLE. 

However, Davies and colleagues have suggested that abnormal processing 

of immune complexes plays an important role. They showed that uptake of 

radiolabelled immune complexes by the spleen was much reduced in 

patients with acquired complement deficiency due to SLE (Davies et al 

1992) and in a patient with homozygous C2 deficiency (Davies et al 1993). 

In the latter case, splenic uptake increased after the patient was treated with 

fresh frozen plasma as a source of C2. Abnormal persistence of immune 

complexes in such patients may lead to abnormal presentation of 

exogeneous or self antigens, causing a disturbance in the immune system 

(Davies 1996).

Although viruses and chemicals have been suggested as aetiological 

factors in SLE, the only agents for which strong evidence of a link exists are 

certain drugs (Silman and Hochberg 1993). These include hydralazine, 

procainamide and isoniazid (Harmon and Portanova 1982). Drug-induced 

lupus, however, is clinically dissimilar from idiopathic lupus. It tends to follow 

a more benign course with rare involvement of the kidneys or central 

nervous system (CNS) and is associated with the presence of anti-histone 

antibodies rather than anti-dsDNA (Harmon and Portanova 1982). This form 

of SLE invariably remits once the drug is stopped.

Rekvig and colleagues have shown a strong correlation between 

reactivation of the BK polyomavirus and presence of anti-dsDNA antibodies 

in a group of 20 patients with SLE (Rekvig et al 1995,1997). Reactivation of
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the virus was more common in patients with SLE than in those with 

rheumatoid arthritis or in healthy individuals. This virus was shown to be 

capable of stimulating the production of high affinity anti-dsDNA antibodies 

in healthy mice (Rekvig et al 1995, Moens et al 1995). Nevertheless, no 

large studies have yet linked polyomavirus reactivation to either occurrence 

or activity of SLE .

1.2.2 Clinical features of SLE

SLE can present with symptoms in a wide variety of different tissues. Indeed, 

this is implicit in the diagnostic criteria for the disease formulated by the 

American College of Rheumatology (ACR) (Tan et al 1982) and shown in 

Table 1.2.1. Although introduced as classification criteria, it is widely 

accepted that the presence of at least four of the clinical and/or serological 

features shown in the table enables the diagnosis of SLE to be made.

Estimates of the frequency of different clinical features vary between different 

studies. The commonest features are those affecting the skin and 

musculoskeletal system whereas the commonest causes of death from SLE 

are infection, renal failure or cerebral involvement ( Dubois et al 1974, 

Christian, 1982, Tan et al 1982, Worrall et al 1990, Reveille et al 1990, 

Silman and Hochberg 1993). Infection often results from the 

immunosuppression required to treat highly active SLE. Review of mortality 

data from SLE patients over the last thirty years shows that the ten year 

survival rates rose between the 1950s and 1970s after which they have 

remained fairly stable at between 80 and 90% (Silman and Hochberg 1993). 

Over this entire period, however, there has been a tendency for the 

proportion of deaths due to renal failure to fall whereas the proportion due to
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Table 1.2.1 ACR Criteria for the Diagnosis of SLE

Criterion

1) Malar rash

2) Discoid rash

3) Photosensitivity

4) Oral ulcers

5) Arthritis

6) Serositis

7) Renal disorder

Definition

Fixed malar erythema

Erythematous raised patches

Skin rash as an abnormal reaction to sunlight

Ulcers are usually painless and observed by the 
physician

Non-erosive arthritis affecting two or more 
peripheral joints

Either pleuritis or pericarditis for which convincing 
clinical evidence exists

Persistent proteinuria > 0.5g/day or cellular casts 
on urine microscopy

8) Neurological disorder Seizures or psychosis in the absence of other
causes

9) Blood disorder

10) Immunological 
disorder

Haemolytic anaemia or leukopenia < 4000/mm^ 
or lymphopenia <1500/mm3 or thrombocytopenia 
< 100000/mm^ (non-drug-induced)

These figures must be observed on two or more 
occasions.

Positive LE cell preparation or anti-dsDNA or 
anti-Sm or sustained false positive serological 
test for syphilis sustained for at least 6 months

11) Anti-nuclear antibody Abnormal titer of ANA in the absence of drugs
known to be associated with "drug-induced lupus"

A person shall be said to have SLE if any four or more criteria are present 
either serially or simultaneously.
(Adapted from Tan et al 1982)
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infection has risen (Dubois et al 1974, Reveille et al 1990, Rahman and 

Isenberg [in press]).

SLE is characterized by a relapsing and remitting course so that the activity 

of the disease varies from time to time and from one organ or system to 

another. Flares of disease may require treatment with high dose steroids 

and immunosuppressive agents such as cyclophosphamide which may 

themselves have significant side-effects. If it were possible to predict the 

onset of flares so that they could be prevented or treated before the 

occurrence of extensive tissue damage, this would constitute a major 

advance in the management of SLE. In order to make this advance it is 

necessary to gain a better understanding of the mechanism of tissue 

damage. The diversity of organs affected by SLE suggests that circulating 

factors may be involved in this mechanism, and autoantibodies provide the 

most likely candidates for such factors.

1.2.3 Autoantibodies in SLE

Just as the clinical features of SLE are manifold, so serological studies of 

patients with the disease indicate an apparent broad diversity of 

autoantibodies (Tan 1982, Tan 1989, Rahman and Isenberg 1994). The 

majority of these are directed against antigens found in the cell nucleus. In a 

large European study of 1000 patients 96 per cent had anti-nuclear 

antibodies and in particular 78 per cent had raised titres of anti-dsDNA 

(Cervera et al 1993). In contrast to anti-ssDNA, anti-dsDNA are very rarely 

found in any disease other than SLE (Koffler et al 1971a, Christian and 

Elkon 1980, Isenberg et al 1985). Table 1.2.2 shows the percentages of 

patients with antibodies to various antigens in the European study and in a
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cohort of 200 patients followed at the Bloomsbury Rheumatology Unit for two 

years or till death (Rahman and Isenberg [in press]). Several of the 

autoantibodies in Table 1.2.2 have been linked to clinical activity in SLE on 

the basis that they occur more often or in higher titre in patients who develop 

a particular clinical manifestation of the disease than in those who do not. 

The clearest evidence for such a link relates to anti-dsDNA antibodies.

1.2.4 Correlation of anti-dsDNA levels with clinical features in 

SLE

Antibodies with the ability to bind DNA were isolated independently from 

sera of patients with SLE by four different groups in 1957 (Cepellini et al 

1957, Meischer and Strassle 1957, Robbins et al 1957,Seligmann 1957). 

Initially, no distinction was made between antibodies which bound dsDNA 

and those which bound ssDNA. In the 40 years since then a clear difference 

in properties and significance has emerged between them.

Tan et al (1966) demonstrated that the serum level of antibody to DNA rose 

just prior to disease exacerbation in some patients with SLE. A number of 

other groups then confirmed that antibodies to dsDNA were found more 

commonly in active than in inactive SLE and were almost never found in 

healthy people or those with other diseases (Schur and Sandson 1967, 

Pincus et al 1969, Koffler et al 1971a). Anti-ssDNA levels were not linked 

closely to disease activity and anti-ssDNA also occurred in other conditions 

(Koffler et al 1971a).

Since these early reports, a number of larger cohort studies have confirmed 

the close link between high anti-dsDNA levels (but not anti-ssDNA levels) 

and increased disease activity, particularly where this activity is manifested
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Table 1.2.2 Prevalence of Autoantibodies in Patients With SLE

Antibody % prevalence 
in 200 patients 
seen at Bloomsbury 
Rheumatology Unit

% prevalence 
in 1000 European 
patients
(Cervera et al 1993)

Anti-nuclear antibody 96 96

Anti-dsDNA 52 78

Anti-Ro 35 25

Anti-La 15 19

Anti-Sm 11 10

Anti-UIRNP 10 13

Anticardiolipin IgG 24 24

Anticardiolipin IgM 10 13
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as nephritis (Swaak at a! 1979, Ter Borg at a! 1990, Cervera et al 1993). 

Bootsma et al (1995) showed that when the prednisolone dose given to 

patients with SLE was increased whenever the serum level of anti-dsDNA 

rose, clinical relapses of disease were less frequent. However, side-effects 

such as weight gain and hypertension made this treatment regime 

unattractive for many patients.

The isotype and charge of anti-dsDNA antibodies may affect their 

relationship to clinical activity. Okamura et al (1993) carried out renal 

biopsies on 40 untreated patients with SLE, and found a close correlation 

between the degree of nephritis and the titre of IgG, but not IgM, anti-dsDNA. 

There was no correlation with the titre of anti-ssDNA of either isotype. Suzuki 

et al (1993) found that patients with active lupus nephritis were more likely to 

have positively charged anti-dsDNA antibodies in their serum than patients 

who had inactive disease. In individual patients followed over a period of 

time, levels of positively charged anti-dsDNA correlated more closely with 

variations in disease activity than those of total anti-dsDNA (Suzuki et al 

1993, Harada et al 1994).

The evidence described above suggests that there is a relationship between 

high anti-dsDNA levels and active disease in SLE. This applies particularly 

to positively charged anti-dsDNA antibodies of IgG isotype. It is important to 

note that this relationship does not hold true for all patients. Some patients 

with active lupus nephritis have anti-ssDNA but no detectable anti-dsDNA 

(Maddison and Reichlin 1979, Maddison et al 1981, McCarty et al 1993) and 

some patients have high anti-dsDNA at times when the disease is not highly 

active (Schur and Sandson 1968, Swaak et al 1979, McCoubrey-Hoyer et al 

1984,Bernstein et al 1994). As noted previously, C lq  deficiency is 

associated with SLE, the clinical features of which are often severe, but only
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a minority of these patients have anti-dsDNA antibodies (Bowness et al

1994).

Clinical activity in patients without high anti-dsDNA levels may be 

associated with disease mechanisms involving other autoantibodies. For 

example, some patients with lupus nephritis have been shown to have anti- 

Ro but not anti-dsDNA in their glomerular eluates (Maddison and Reichlin 

1979). Thus, anti-dsDNA are not the only autoantibodies important in the 

pathogenesis of SLE. Unlike other autoantibodies, however, there is a 

considerable body of evidence supporting the presence of anti-dsDNA in 

inflamed tissues of patients with SLE. There is also evidence for 

pathogenicity of anti-dsDNA in mouse models of the disease.

1.2.5 Renal deposition of anti-dsPNA in lupus nephritis

Koffler et al (1967) used immunofluorescent staining to demonstrate that the 

kidneys of patients who had died from lupus nephritis contained plentiful 

glomerular deposits of IgG and complement, but less IgM. Elution of this 

glomerular antibody showed that it had a higher content of anti-nuclear 

binding activity per unit IgG than serum from the same patient in each case 

and that this anti-nuclear activity could be inhibited by adding dsDNA. 

Eluates from inflamed kidneys of patients who did not have SLE did not 

show anti-nuclear reactivity. These results suggested that anti-dsDNA might 

be deposited in the glomeruli in SLE, leading to activation of complement 

and thus to glomerulonephritis. This idea was strengthened by the 

demonstration that glomerular eluates from autopsy specimens of patients 

who had died from lupus nephritis showed much higher avidity for dsDNA 

than serum from the same patients (Winfield et al 1977). Further support



3 3

came from reports that idiotypes that had first been identified on anti-DNA 

antibodies such as 16/6 and 32/15 (Isenberg et a! 1984, Isenberg and 

Collins 1985), 31 (Diamond and Schwartz 1987), GN1 and GN2 (Kalunian et 

al 1989) 8.12 (Livneh et al 1987, Paul et al 1992) 0-81 (Muryoi et al 1990, 

Sasaki et al 1991) or which commonly occurred on such antibodies e.g. 9G4 

(Isenberg et al 1993) were found more commonly in renal biopsies from 

patients with lupus nephritis than in those from patients with other types of 

nephritis. The idiotype positive antibodies (ld+) seemed likely to be anti-DNA 

because DNA blocked binding of the anti-idiotype (anti-ld) to the biopsy 

tissue (Isenberg and Collins 1985) or because the ld+ fraction of antibodies 

in glomerular eluate was enriched for DNA binding activity compared to the 

whole eluate (Kalunian et al 1989).

1.2.6 The immune complex hypothesis

To explain how anti-dsDNA reached the glomeruli in lupus nephritis Koffler 

et al (1971b) suggested that they were deposited in the form of DNA/anti- 

DNA immune complexes. These complexes would form in the circulation 

and would arrive in the kidneys via the bloodstream. There is relatively little 

circulating DNA in the blood of healthy people (Steinman 1975) though this 

level may rise in active SLE (Raptis and Menard 1980, McCoubrey-Hoyer at 

al 1984). It was initially difficult to show that this DNA was present in the 

form of immune complexes (Izui et al 1977). However, Sano and Morimoto 

(1981) showed that DNA could be extracted from the gamma globulin 

fraction of blood taken from patients with SLE but not from that of healthy 

controls. This DNA was characterized by a low molecular weight (MW), 

suggesting that it comprised molecules less than 200bp in length (Sano 

and Morimoto 1982).
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This low MW DNA may be a breakdown product of chromatin released from 

dying cells. The basic unit of chromatin is the nucleosome, in which a length 

of 120-200bp of dsDNA is wound around an octamer comprising two 

molecules each of histones 2A, 2B, 3 and 4 (Kornberg 1974) The whole 

DNA/octamer complex is stabilized by binding to a single molecule of 

histone 1. DNA extracted from oligonucleosomes therefore occurs in 

fractions of 150-200, 400, 600 and SOObp, roughly equivalent to multiples of 

the amount of DNA present in a single nucleosome. Rumore and Steinman 

(1990) showed that DNA extracted from plasma of patients with SLE was 

present in fractions of the same sizes and could be precipitated by anti- 

histone antibodies, suggesting that it existed in the form of 

oligonucleosomes.

The oligonucleosomes may arise from cells dying by apoptosis. Low MW 

DNA is found in the supernatant of cultured human (Sano et al 1983) or 

mouse (Bell et al 1990) lymphoid cells. Bell (1990) showed that the 

production of this low MW DNA was reduced by incubation of the cells with 

zinc sulphate, an inhibitor of apoptosis. Sano et al (1983) showed that 

cultured peripheral blood mononuclear cells from patients with SLE 

produced more low MW DNA than those from healthy people. Emien et al 

(1994) suggested that this resulted from more rapid apoptosis in cells from 

SLE patients. They measured apoptosis in cultured lymphocytes derived 

from subjects with SLE, rheumatoid arthritis or no disease. Accumulation of 

apoptotic cells was 2.4 times more rapid in the SLE lymphocytes than in the 

other two groups. It is not clear, however, whether this rapid apoptosis in 

vitro reflects the properties of the lymphocytes in vivo.

Overall, therefore, it seems likely that circulating anti-dsDNA antibodies in 

patients with SLE form complexes with DNA or with nucleosomes
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containing DNA. This does not explain why these complexes should 

migrate preferentially to the renal glomeruli. Two major theories have been 

proposed to explain this. The antibodies could cross-react directly with a 

local antigen produced by the glomerular cells. Alternatively the anti-dsDNA 

antibodies could bind to a "planted" antigen which is brought to the kidney 

by the blood and trapped there by reaction with some component of the 

glomerular tissue.

1.2.7 Indirect binding of anti-DNA to glomeruli via a planted 

antigen

An obvious candidate for the role of planted antigen is DNA itself. Koffler et 

al (1967) and Andres et al (1970) used polyclonal anti-DNA antibodies to 

label renal tissue from patients with lupus nephritis. Both groups reported 

staining of glomeruli and concluded that DNA was present at this site, it is 

now clear, however, that such polyclonal sera may bind to other tissue 

components and attempts to demonstrate glomerular DNA by more specific 

methods have been less convincing (Eilat 1985, StockI et al 1994).

It has been argued that DNA is unlikely to be deposited in the glomerular 

basement membrane (GBM) due to repulsion by sim ilarly charged 

molecules (Eilat 1985, Kramers et al 1994). The sugar-phosphate backbone 

of DNA is negatively charged. The GBM also carries a strong negative 

charge due to the presence of glycosaminoglycan side chains, particularly 

heparan sulphate (HS). DNA may, however, be present in the mesangium 

where it could bind to type IV (Bernstein et al 1995) or type V collagen (Gay 

et al 1985).
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An alternative hypothesis is that circulating nucleosomes are the source of 

planted antigen. In this scenario, the postively charged histones in the 

nucleosomes would bind negatively charged HS in the GBM while DNA in 

the nucleosomes would bind anti-DNA antibodies. Thus the antibody-GBM 

interaction would occur through a bridge of DNA and histone (Brinkman et al 

1990). This theory is supported by the finding that anti-DNA antibodies from 

serum and glomerular eluates of patients with SLE cross-react with HS 

(Faaber et al 1986). Sasaki et al (1991) showed that IgG eluted from 

glomeruli of patients who had died from SLE nephritis would bind HS, DNA 

or GBM in vitro.

Histones bind HS in the GBM in vitro and in vivo (Schmiedeke et al 1989, 

van den Born 1992). Large subendothelial glomerular deposits of murine 

monoclonal anti-ds DNA antibody occur in isolated rat kidney perfused 

sequentially with histones, DNA and antibody (Termaat et al 1992). Similar 

results were obtained by perfusing the kidneys with the same components in 

the more physiologically relevant form of nucleosome/anti-nucleosome 

complexes, but deposition was much reduced by prior perfusion with 

heparatinase which removed HS from the GBM (Kramers et al 1994, van 

Bruggen et al 1997). Morioka et al (1994) have shown that when 

radiolabelled complexes of low MW DNA with anti-DNA antibody are 

introduced into rat kidney via the aorta, deposition of radioactivity in 

glomeruli increases almost 100-fold if histones are injected into the same 

kidney first.

Thus, there is a considerable body of evidence in support of the idea that 

anti-DNA antibodies can cause nephritis by binding the GBM through the 

histone/DNA bridge. It is clearly not the only mechanism of nephritis as some
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patients with renal lupus have no detectable anti-HS activity at all (Kramers 

et al 1993).

1.2.8 Direct binding of anti-dsDNA to glomeruli via cross

reaction with cell surface proteins

Several groups have shown that monoclonal anti-dsDNA antibodies bind to 

glomerular cell proteins. Such binding is not dependent on the anti-DNA 

affinity of the molecules as it is characteristically unaffected by DNase 

treatment of the cells. Madaio et al (1987) and Tsao et al (1990) showed that 

murine anti-DNA mAb were deposited in the kidney when infused 

intravenously (i.v) to BALB/c mice or when hybridoma cells secreting the 

mAb were introduced intraperitoneally (i.p). Electron dense deposits were 

seen in the glomeruli of these mice by electron microscopy and the mice 

developed proteinuria.

Raz et al (1989) perfused isolated rat kidneys with monoclonal murine anti- 

dsDNA antibodies or polyclonal human IgG from patients with SLE who had 

high serum anti-DNA titres. Proteinuria and reduced inulin clearance 

developed and deposition of foreign antibodies was demonstrable by 

immunofluorescence. The molecular site of binding was explored in a 

subsequent study which showed that murine monoclonal IgG anti-DNA 

antibodies, but not anti-RNA or anti-histones could bind to cell surface 

proteins present in various different cell lines and tissues, including renal 

epithelium (Raz et al 1993). Binding to the cell surface was inhibited 

competitively by DNA.
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Ehrenstein et al (1995) showed that three of five human monoclonal IgG 

anti-ds DNA antibodies tested by i.p. implantation of hybridoma cells or by i.v 

administration of purified antibody were deposited in the kidneys of severe 

combined immunodeficiency (SGID) mice. Only one was deposited in the 

glomeruli but all three caused proteinuria. The two human mAb which did 

not bind to the kidney did not cause proteinuria. A sixth monoclonal IgG, RH- 

14, has now been shown by this method to produce deposits in the 

glomeruli of SGID mice. These are associated with histological changes 

similar to those of lupus nephritis when viewed under the electron 

microscope (Ravirajan et al, in press). RH-14 is one of the antibodies studied 

in the current thesis.

A common thread in the work of all these groups was that not all anti-DNA 

antibodies tested bound to the glomerulus. This implies that only some anti- 

ds DNA antibodies are nephritogenic, which accords with clinical studies 

showing that the presence of high anti-ds DNA titres is not always 

associated with nephritis (see section 1.2.4). Review of both clinical and 

experimental data ( Hahn 1982, Isenberg et al 1997) shows that the 

nephritogenic antibodies tend to be positively charged IgG molecules wich 

bind specifically to dsDNA with high affinity. Molecular biological studies 

have increased our knowledge of the genetic features which confer these 

binding and pathogenic properties. The research described in this thesis 

aims to add to this knowledge.
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1.3 THE ANTIPHOSPHOLIPID ANTIBODY SYNDROME (APS)

1.3.1 Aetiology and clinical features of APS

Antiphospholipid antibodies (APL) occur in 1.5 to 5% of the population

(Harris and Spinnato 1991) but are present at much higher frequency (up to 

25-40%) in patients with SLE (Harris et al 1985). The occurrence of these 

antibodies in SLE was first noted as a result of false positive serological 

tests for syphilis. These resulted from the ability of serum from some patients 

with lupus to react with cardiolipin (CL) used in these tests. Other patients 

with SLE possessed a serum factor which inhibited clotting in vitro. This 

factor was termed the lupus anticoagulant (LA). LA activity was later shown 

to be dependent on immunoglobulins which bound phospholipids (PL) 

(Thiagarajan et al 1980, Harris 1990)

The presence of anticardiolipin antibodies (ACL) or LA in patients with lupus 

was noted to be associated with an increased frequency of thrombosis and 

recurrent abortion (Hughes 1983). In subsequent quantitative assays, high 

levels of ACL or LA were shown to be associated with an increased risk of 

arterial and venous thrombosis, recurrent abortions and thrombocytopenia

(Harris et al 1986, Alarçon-Segovia et al 1989, Lie et al 1996). The

diagnosis of APS can be made where one or more of these clinical features 

occurs in conjunction with positive serological tests for ACL or LA. Many 

papers referring to monoclonal antibodies describe them as ACL, since they 

were selected for the ability to bind cardiolipin. By definition, these mAb are 

also APL, and this term will be used in this thesis.

About 50% of patients with clinical and serological features of APS do not 

have SLE or any other known autoimmune disorder (Petri 1997). Such
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patients are said to have primary antiphospholipid syndrome (PAPS) 

(Asherson at al 1989). The femaleimale ratio in PAPS is approximately 2:1.

Genetic factors may be important in the aetiology of APS. Mackworth-Young 

et al (1987) showed that first degree relatives of patients with SLE, as well 

as the patients themselves, were more likely to have serum APL than age 

and sex matched controls, in small studies, it has been suggested that 

production of APL in SLE may be linked to HLA Class II alleles DQw7 (Arnett 

et al 1991) or DR4 (McHugh and Maddison 1989). PAPS may be associated 

with the alleles HLA DR4, DR53, and DQ7 (Wilson and Gharavi 1996).

The role of environmental factors has also been studied in small numbers of 

patients. APL have been shown to develop after infection with Borrelia 

burgdorferi (Mackworth-Young 1995) and parvovirus (Loizou et al 1997). 

APL produced after parvovirus infection are particularly interesting because 

they show the cofactor dependence characteristic of APL found in APS (see 

below).

1.3.2 Isotype and cofactor dependence of APL in relation to 

clinical features of APS

As in the case of anti-dsDNA antibodies in SLE the isotype of APL appears 

to affect their relationship to disease activity. In a prospective study of 500 

patients with SLE, Alarçon-Segovia et al (1989) showed that there was a 

strong relationship between high levels of IgG APL, but not IgM APL, and the 

incidence of thrombosis, fetal loss and thrombocytopenia. Harris et al (1986) 

showed that patients with very high IgG APL levels were more likely to suffer 

repeated thrombosis or fetal loss than those with moderately or barely raised 

levels. In a study of pregnant women without SLE, Lynch et al (1994)
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showed that presence of IgG APL was a risk factor for fetal loss. This was 

not true for IgM APL. However, it is important to note that in a minority of 

patients with APS, recurrent thrombosis or fetal loss can occur in the 

presence of IgM or IgA APL with no IgG APL (Mackworth-Young 1995,Petri 

1997)

APL can occur in patients with a variety of infectious or neoplastic 

conditions. These APL are not associated with an increased risk of 

thrombosis and bind to both neutral and anionic PL (Hunt et al 1992). In 

contrast, APL found in patients with autoimmune disorders usually bind to 

anionic but not neutral PL Several groups have demonstrated that this 

binding is enhanced by a serum derived cofactor (Matsuura et al 1990, Hunt 

et al 1992, Ordi et al 1993). This cofactor has been identified as (32 

glycoprotein I ((32GPI) (McNeil et al 1990, Galli et al 1990). There is a 

distinction between "non-pathogenic" APL derived from patients with 

infection, which do not require the presence of P2GPI to bind PL, and APL 

derived from patients with autoimmune diseases which almost always 

require this cofactor (Ordi et al 1993).

It now appears that APL from patients with autoimmune diseases actually 

recognize an epitope on p2GPI rather than on the PL molecule. This epitope 

is thought to be exposed by the interaction of p2GPI with PL In the absence 

of PL, APL from patients with APS will bind p2GPI coated to a polystyrene 

surface which has been irradiated (Matsuura et al 1994). It is thought that 

oxidation of the polystyrene surface during irradiation enables it to interact 

with the p2GPI in such a way that the epitope required for APL binding is 

exposed. In a population of 308 patients with APS, the level of anti-p2GPI 

activity as measured in this assay showed a strong correlation with the level
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of p2GPI-depenclent APL activity and with a history of thrombosis (Tsutsumi 

et al 1996).

Overall, therefore, the clinical evidence suggests that a subset of APL may 

be particularly important in mediating the clinical effects seen in APS. This 

subset is characterized by IgG isotype and binding to a complex of anionic 

phospholipid with P2GPI.

1.3.3 Pathogenicity of APL

It has been difficult to produce evidence to demonstrate a direct pathogenic 

effect of APL. Unlike anti-dsDNA, APL do not form deposits in the affected 

tissues and rarely produce significant amounts of inflammation (Lie 1996). 

The major features of APS arise from thrombosis. Attempts to implicate APL 

in causation of these features have concentrated on showing that these 

antibodies can influence the processes of coagulation and thrombolysis.

Pierangeli and Harris (1994) produced thrombosis in an exposed mouse 

femoral vein by causing a pinch injury. If IgG from patients with APS was 

injected intraperitoneally into these mice before the injury, the thrombus 

produced was significantly larger and persisted longer than if saline was 

injected. However, injection of IgG from healthy people also increased the 

size and persistence of the thrombus, though not as much as that from APS 

patients. This model is the only one reported which provides direct evidence 

that APL can promote thrombosis in vivo, but not all APL can mediate this 

effect in the model. IgG from some patients with APS did not give results 

significantly different from IgG derived from healthy people.
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A number of authors have suggested that APL could act by influencing the 

production of mediators of clotting or thrombolysis by endothelial cells. 

Carreras et al (1981) showed that release of prostacyclin from rat aorta in 

vitro was inhibited in the presence of IgG derived from a patient with serum 

LA. Since prostacyclin is an inhibitor of platelet aggregation, this effect 

might enhance thrombosis if repeated in vivo. It was not possible, however, 

to show any effect of serum from patients with LA on production of 

prostacyclin by human endothelial cells (Austin et al 1988).

Other workers suggested that patients with SLE and APS had higher levels 

of tissue plasminogen activator (tPA) and plasminogen activator inhibitor 

(PAI) than those with SLE but no APS (Violi et al 1990). Both these 

mediators are also released by endothelial cells. It was surmised that the 

effect on PAI activity would be dominant leading to increased thrombosis. 

However, these results were not confirmed by an independent study which 

found no difference in tPA or PAI levels between patients with SLE who did 

have APS and those who did not (Mackworth-Young 1995).

Cariou et al (1986) reported that activation of Protein 0 by cultured human 

endothelial cells was inhibited by the addition of IgG from patients with LA 

and recurrent thrombosis. Protein C acts as an anticoagulant by degrading 

clotting factors Va and Villa. Oosting et al (1993) showed that IgG from some, 

but not all, patients with APS inhibited this anticoagulant effect . They found 

that these inhibitory IgG bound complexes of PL with plasma proteins. These 

proteins included protein C, its cofactor protein S and prothrombin. 

Interference with the function of these proteins represents another 

mechanism whereby APL could promote thrombosis.
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It is also possible that APL interact directly with platelets (Harris 1990). 

Monoclonal human antibodies which react with both PL and platelets have 

been described (Dersimonian et al 1987, Dénommé et al 1994, Rioux et al

1995). However, anionic phospholipids are not usually present on the 

external surface of platelets (Machin 1996).

No single mechanism is accepted as the main cause of thrombosis in APS. It 

seems likely that APL are a heterogeneous population and that different 

subgroups of APS bind different plasma proteins and affect coagulation and 

thrombolysis in different ways (Petri 1997). The fact that thrombosis in APS 

is episodic and localized shows that the presence of high levels of APL 

alone is not enough to trigger it. A second stimulus (the"second hit") is 

necessary (Lockshin 1996). The pinch injury used in the model of Pierangeli 

and Harris (1994) is an example of such a stimulus.

1.4 ig GENES - RECOMBINATION AND REPERTOIRE

1.4.1 The germline arrangement of gene segments encoding I g 

chains

The structure of antibodies has been described in sections 1.1.5 and 1.1.6. 

Dreyer and Bennett (1964) proposed that the presence of both constant 

and variable regions within a single heavy or light chain could be explained 

if the V and C regions were encoded by separate genes. According to this 

“two genes, one polypeptide" hypothesis, each chain of the Ig molecule 

would be encoded by combining one of a small group of C region genes 

with a V region gene chosen from a much larger and more diverse 

population.
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The presence of distinct V and C genes was first shown for mouse lambda 

chains by Hozumi and Tonegawa (1976). These genes were separate in 

embryonic ceils but brought together in antibody secreting cells. The 

sequence of the cloned Vx. gene contained all codons of the light chain from 

1 to 98 (Tonegawa et al 1977,1978) whereas amino acid sequencing had 

previously located the V-C junction at codon 112. Further sequencing of 

other germline V genes confirmed that this was a constant finding explicable 

by the fact that the region from codon 99 to 112 was encoded by a third gene 

segment, designated J (for joining). The J genes lay between the V and C 

genes but were separate from both in the germline (Tonegawa 1983).

Similar experimental methods were used to demonstrate that mouse kappa 

(Sakano et al 1979) and heavy chains (Schilling et al 1980) were also 

encoded by separate germline gene segments. Schilling et al (1980) 

demonstrated that different mouse monoclonal anti-dextran antibodies 

shared very similar sequences encoding the first 99 codons and last 16 

codons of the heavy chain variable region, but that the intervening sequence 

showed much greater variability. They hypothesized that the blocks of 

similarity represented the and Jh gene segments respectively and that the 

intervening DNA was derived from a different segment which they named 

the D (for diversity) segment. The existence of D segments was confirmed by 

probing a mouse genomic DNA library with sequences homologous to the 

proposed diversity regions (Kurosawa and Tonegawa 1982). Thus the 

heavy chain variable region is encoded by fused segments in the order V-D- 

J. Intriguingly, the D and J segments provide that part of the sequence 

responsible for encoding the third CDR, making this CDR potentially even 

more variable than the others.
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Extensive sequencing of murine germline gene segments and their flanking 

regions showed the presence of conserved heptamers (CACTGTG) and 

nonamers (GGTTTTTGT) close to the ends of the V,D and J segments in the 

germline. The heptamer and nonamer were separated by a spacer of either 

12 or 22-23 bp in each case. The length, but not the sequence, of the spacer 

was conserved and was characteristic of the type of gene segment 

involved. Thus, whereas D segments were flanked on each side by 

heptamer/nonamer combinations with 12bp spacers (Kurosawa and 

Tonegawa 1982), Vh segments were followed, and Jh preceded by units 

containing a 23 bp spacer (Tonegawa 1983). Similarly V k and Vx were 

followed by 23bp units and J%and Jx loci preceded by 12bp units (Sakano 

et al 1979, Tonegawa 1983). The arrangement of the spacers seemed to 

explain why some rearrangements (such as V-D and D-J) were permitted 

whereas others (such as V-V or Vh-Jh without an intervening D) were

forbidden. Two segments were only brought together if one was adjacent to 

a unit with a 23bp spacer and the other was adjacent to a unit with a 12bp 

spacer (the 12/23 rule). From this rule developed the theory that these 

conserved heptamer/nonamer motifs are recognition sites for the effectors of 

the recombination process.

Matthyssens and Rabbitts (1980) cloned the first human Vh gene. This gene 

ended at codon 93 and was followed by a heptamer/nonamer unit with a 

23bp spacer. This implied that, as in the mouse, there should be human Dh 

and Jh genes. The human Jh locus was subsequently cloned and 

sequenced by Ravetch et al (1981) and the first Dh genes by Siebenlist et al 

(1981). In each case the genes were flanked by heptamer/nonamer units 

just as in the mouse. The earliest sequences of cloned V k (Bentley and 

Rabbitts 1980), Vx (Brockly et al 1989), Jk (Hieter et al 1980), and Jx 

(Vasicek and Leder 1992) genes also confirmed the universality of these
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heptamer/nonamer sequences and of the 12/23 rule. In each case the 

heptamer abutted directly onto the gene segment and appeared to mark the 

exact point where the DNA sequence should be broken to allow 

rearrangement. The heptamer/nonamer sequences have been termed 

recombination signal sequences (RSS) since they occur only in the Ig gene 

loci and those of I  cell receptors (ICR). These two types of genes provide 

the only examples of site-specific recombination in vertebrates (Schatz et al 

1992)

1.4.2 The mechanism of rearrangement of Ig genes

Rearrangement of Ig genes is believed to be a two stage process. In the first 

stage, double strand breaks occur in the DNA at both coding 

region/heptamer junctions. In the second stage these free ends are 

recombined so that the two gene segments join together and the two 

heptamers join together. However, the rejoining of the two gene segments 

is imprecise. Sometimes nucleotides are lost at the junction whereas on 

other occasions new nucleotides are added (Alt et al 1986, 1987). This 

phenomenon of junctional diversity is in keeping with evidence from 

sequence analysis of antibodies. Sakano et al (1979) demonstrated that 

mouse kappa chains derived from the same Vk and Jk genes could differ in 

sequence at the Vk/Jk junction. Kurosawa and Tonegawa (1982) showed the 

same for VDJ junctions in the heavy chain and also demonstrated the 

addition of new nucleotides at these junctions which were not encoded by 

the V,D or J genes. This phenomenon of "N addition" is thought to arise from 

the activity of the enzyme terminal deoxynucleotidyltransferase (TdT) which 

adds nucleotides to free ends of DNA molecules (Alt et al 1987).



48

1.4.3 Somatic hypermutation and antibody diversity

A central question in immunology is that of the origin of antibody diversity. 

Faced with a vast number of possible environmental antigens, how does the 

immune system use a limited number of genes to encode a similarly vast 

range of antigen binding sites? Since the antigen binding site is encoded 

primarily by the CDRs this problem can be reduced to the question of how a 

huge variety of different CDR sequences can be created from a relatively 

small number of genes.

The fact that each variable region sequence is produced by combining gene 

segments from two or three different sets immediately increases the number 

of possible sequences to at least the product of the numbers of genes in 

each set. In the CDR3 regions where the actual joining of segments takes 

place diversity is increased still further by the possibility of loss or gain of 

nucleotides at the junctions.

These mechanisms, however, all occur in the pre-B cell (an early precursor 

of the mature B cell which does not express surface Ig) and are not sensitive 

to the presence of antigen. In particular, they cannot account for changes in 

the binding properties of antibodies secreted by a clone of B cells after Ig 

gene rearrangement has taken place. Such changes depend on the ability 

of B cells to accumulate somatic mutations in the rearranged Ig gene 

sequences during the course of an immune response.

The importance of antibody hypermutation was demonstrated in a series of 

experiments on the response to the hapten 2-phenyl-5-oxazolone (phOx) in 

the mouse (Berek and Milstein 1987, 1988). Monoclonal anti-phOx 

antibodies derived seven days after a single immunization had very similar
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sequences to mouse germline V genes. However, mAb produced from mice 

killed after 14 days differed in sequence from the germline genes at many 

points. The differences which had accumulated between days 7 and 14 

could only be due to mutation, and the frequency of these mutations 

allowed Berek and Milstein to calculate a mutation rate of 10-3 to 10’ "̂ per 

nucleotide per cell division. This rate was clearly much higher than that 

prevalent in the mouse genome suggesting that a localized hypermutation 

process was active during this period of the immune response. The 

hypermutation was confined to V regions since Ck genes of the same mAb 

were unmutated .

The time period during which hypermutation was most active coincided with 

that in which many germinal centres were forming in the spleen of the phOx- 

immunized mice. The mutated antibodies generally bound phOx with higher 

affinity than the unmutated ones produced earlier in the immune response.

This phenomenon of affinity maturation has also been noted by other 

workers studying the response to different haptens (Rajewsky et al 1987). In 

some cases the presence of specific point mutations in anti-phOx mAb was 

shown to cause a marked change in affinity for phOx. This led to the 

hypothesis that antigen actually drove the accumulation of such mutations 

(Berek and Milstein 1988). According to this model, B lymphocytes would 

migrate to the germinal centres where antigen would be presented to them 

in the presence of T helper cells, stimulating B cell division. The dividing B 

cells would accumulate mutations and in some cases these mutations would 

increase the affinity of the surface Ig for antigen. Cells possessing these high 

affinity mutations would divide faster in the presence of antigen and their 

descendants would come to dominate the germinal centre. As long as 

antigen was present there would be a continual selective pressure leading
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to the accumulation of mutations which increased affinity. Kuppers et al

(1993) confirmed that mutation was much commoner in rearranged Ig genes 

sequenced from single B cells within a germinal centre than in those from 

cells just outside it. Furthermore, the germinal centre B cells were all 

descended from just a few clones exactly as predicted by the clonal 

expansion model. Clonally related antibodies can be recognized by their 

possession of identical VDJ joint sequences. The potential for diversity at 

this junction is very high so that the chance of the same sequence being 

obtained in two B cells from different clones is remote.

This model of antigen driven clonal expansion was also described by 

Shlomchik et al (1987a) as a result of work on murine monoclonal 

rheumatoid factors. They showed that the mAb derived from a single mouse 

belonged to a small number of expanded clones. These mAb showed 

accumulations of replacement (R) mutations but not of silent (S) mutations 

in the CDRs. R mutations in CDRs are exactly those that one would expect to 

alter antigen binding affinity so this pattern of mutation is consistent with 

antigen driven accumulation. Shlomchik et al suggested that a high R;S ratio 

in the CDRs but not in the FRs of an mAb should be taken as evidence that 

its sequence resulted from an antigen driven process. Chang and Casali

(1994) refined this approach by developing a mathematical formula for 

calculating the probability (p) that a particular pattern of mutations could 

have developed in the absence of antigen drive. According to this formula:

p  = [n! /  k! (n-k)!] x x (1 -q )n -k

where n = total number of observed mutations

n! = n X (n-1 ) x (n-2) x (n-3) x 2 x1

k = number of R mutations in the CDRs
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q = proportion of bases which are in CDR x Rf for CDR 

Rf = Replacement frequency inherent to a particular sequence 

and depends on the codon usage within it. The Rf of CDRs is 

typically higher than that of FRs. It can be derived from 

published tables or by using the computer program 

InhSusCalc v 1.0 (Chang and Casali 1994)

Antigen drive cannot explain hypermutation of Ig genes completely. The 

antigen merely selects mutations. It is not responsible for the high intrinsic 

rate of mutation noted by Berek and Milstein (1987,1988). In addition, this 

group reported frequent S as well as R mutations in the variable regions of 

anti-phOx mAb. These could not have been selected by antigen.

Neuberger and colleagues have shown that the intrinsic hypermutation 

process introduces mutations preferentially at certain sequences known as 

"hotspots" . These hotspots have the consensus sequence A/G-G-C/T 

(Wagner and Neuberger 1996). Hypermutation is also strand specific with T 

residues on the non-coding strand being mutated more often than those on 

the coding strand (Neuberger and Milstein 1995).

There seems to be a link between hypermutation and isotype switching. 

Isotype switching is the process whereby a B cell switches from production 

of an IgM antibody to production of an IgG, IgA or IgE antibody with exactly 

the same light chain and VDJ sequence. This is achieved by deleting the Cp 

gene so that the rearranged VDJ component comes to lie proximal to a Gy, 

Ca or Ce gene instead. The main reason for postulating a temporal link 

between isotype switching and hypermutation is the finding that in the 

response to any particular antigen IgG antibodies carry more mutations than 

IgM of the same specificity (Berek and Milstein 1988, Tillman et al 1992).
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This is consistent with the fact that IgG tend to be of higher affinity. Huang 

and Stellar (1993) made libraries of IgG and IgM heavy chain cDNA from 

unselected peripheral blood lymphocytes (PBL) of healthy donors. 48 of 77 

rearranged Vh genes from the IgM library had greater than 98% homology to 

germline genes, showing that mutations were relatively rare. In contrast only 

two of 28 rearranged Vh genes from the IgG library showed this degree of 

homology. This result shows that, regardless of antigen specificity, IgG 

antibodies tend to be more mutated than IgM. This does not imply a causal 

connection between isotype switching and hypermutation since some IgM 

are hypermutated and some IgG are not.

1.4.4 The importance of defining the repertoire of human 

variable region genes

The binding properties of a particular antibody depend on the sequences of 

its variable regions, particularly the CDRs. These are controlled by the 

processes described in sections 1.4.2 and 1.4.3. By sequence analysis of a 

group of mAb which share binding or pathogenic properties, characteristics 

which are common to them may be identified. For example, they may have a 

tendency to use the same Vh or Vl genes or to develop somatic mutations of 

the same type under the influence of the same antigen. In order to interpret 

these sequences accurately it is necessary to have as complete a 

knowledge as possible of all the Vh, Dh, Jh, Vl and Jl genes present in the 

person from whom the mAb was derived. Without this knowledge, it is 

difficult to be sure which genes have been used to produce a particular 

antibody and whether or not there are any somatic mutations in the 

sequence.
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Interpretation of the sequences of human mAb is therefore facilitated by 

evidence gathered over the last decade which has led to mapping of the 

entire human germline variable region gene repertoire.

1.4.5 Human Vu genes

The first human heavy chain sequences were derived by amino acid 

sequencing in the late 1960s (Edelman et al 1969, Cunningham et al 1969). 

From this work, it became apparent that the variable regions could be 

classified into three subgroups. When nucleotide sequences of the first 

cloned Vh genes became available it at first appeared that these also fell 

into the same three groups, which were termed Vh families. Two Vh 

s&quences were defined as members of the same family if they shared 

sequence identity at 80% or more of positions or, more pragmatically, if they 

cross-hybridised under standard conditions (Wu and Kabat 1970, Pascual 

and Capra, 1991). As more genes in each family were identified, it was 

possible to use them as probes to identify yet further genes from libraries of 

chromosomal DNA.

Lee et al (1987) noted that a gene identified by weak hybridization to a Vh2 

family probe actually showed less than 70% homology to members of that 

family. Using this gene itself as a probe they showed that it identified 

members of a hitherto undiscovered family, designated Vh4. The Vh5 family 

was discovered by screening human genomic DNA with a probe derived 

from a VDJ rearrangement in a clone of leukaemic lymphocytes (Shen et al 

1987, Humphries et al 1987). Subsequently Schroeder and colleagues 

reported the existence of two more families, Vh6 and Vh7, after screening 

genomic DNA with probes derived from fetal and neonatal cDNA libraries 

(Schroeder et al 1988, Kirkham et al 1992).
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To identify the chromosomal location of the Vh locus, Croce et al (1979) 

studied hybrids created by fusion of mouse and human cells. These hybrids 

have a tendency to shed human chromosomes. They found that the ability to 

produce human heavy chains was dependent on retention of chromosome 

14. Cox et al (1982) subsequently localised the Vh locus to the 14q32.3 

band close to the telomere. It has subsequently been shown that there are 

also 24 Vh genes on chromosomes 15 and 16, but these are unlikely to be 

functional as those chromosomes have no D,J, or C segments (Cook and 

Tomlinson, 1995). In principle, these genes could be used in productive 

rearrangements by interchromosomal recombination but there is no 

evidence that this occurs.

A complete map of the functional Vh locus at 14q32.3 has now been 

produced (Matsuda et al 1993, Cook et al 1994). The total length of the 

locus is 1 lOOkb and it contains 95 genes of which only 51 are functional 

genes. The numbers of genes in each family are shown in table 1.4.1. The 

large number of pseudogenes may well be a relic of ancestral gene 

duplications and conversions which have contributed to the variety of 

germline genes available in the present day genome. The differing sizes of 

Vh families are striking, with Vh 1, 3, and 4 being by far the largest. Genes 

from different families are not clustered together but are interspersed 

throughout the locus. Nomenclature for individual germline Vh genes has 

been standardized according to the map. Thus the name of each gene now 

takes the form Vx-y, where the first digit x is the family to which it belongs, 

and y is the order in which it occurs on the map (y=1 is the gene closest to 

the Dh locus).
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Table 1.4.1 Human Vu Genes on Chromosome 14

Family Expressed ORF not known Pseudogene Unsequenced Total 
in VDJ to be expressed

V h 1 11 17

Vm2

V h 3  2 2 21 51

V h 4  1 1 13

Vh5

V h 6  1

V h 7  1

Total 51 30 95

ORF = Open Reading Frame
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V h genes display a certain amount of allelic polymorphism. In particular, 

certain genes occur in some people but not in others as a result of 

insertion/deletion polymorphism involving stretches of DNA within this locus 

(Walter et al 1990, Cook and Tomlinson 1995). Some genes occur in 

multiple copies in some haplotypes (Sasso et al 1993, 1995). Genes 

reported from some haplotypes have not yet been located on the map, 

possibly because they occur only in a small minority of the population.

A more common form of polymorphism involves small differences in 

sequence between alleles of the same gene in different haplotypes. This Is 

important in the interpretation of sequences of a human mAb if the 

expressed mAb sequence is to be compared to a published sequence of a 

germline gene rather than to the experimentally determined sequence of 

that gene in the individual from whom the mAb was derived. Under these 

circumstances it is difficult to be sure whether differences between the 

expressed and germline sequences are true somatic mutations or arise 

because the individual from whom the mAb was derived possesses a 

different allele from the individual whose germline sequence was published. 

This difficulty disappears where the germline gene in question is known to 

display little or no polymorphism i.e. it is likely to have practically the same 

sequence in everyone. For many human Vh genes, polymorphism does 

indeed appear to be very limited. Direct sequencing of the same gene in 

different individuals (Sanz et al 1989a) and review of all published alleles of 

Vh genes (Tomlinson et al 1992, 1996) show that the vast majority of alleles 

differ by only 1-2 nucleotides. It seems reasonable to assume, therefore, 

that where the Vh sequence of a mAb differs at many positions from all 

published alleles of the most similar germline gene, these differences result 

from mutation rather than polymorphism.
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1.4.6 Human Dh genes

The human Dh locus consists of a 9kb unit repeated five times (Siebenlist et 

a! 1981, Matsuda et a! 1988, Ichihara et a! 1988). A further Dh gene, DQ52, 

lies within the Jh locus (Ravetch et al 1981). Each 9kb unit contains one 

member of each of six Dh families DM, DLR, DXP, DA, DK and DN arranged 

in that order (Ichihara et al 1988). Members of the same family are not 

identical copies but they are much more closely homologous to each other 

than to members of other families. Ichihara et al (1988) described an 

unusual family of genes which they named DIR. These very long (90bp) Dh 

genes are rich in G and C residues and are flanked on either side by a 

number of RSS including both units with 12bp spacers and those with 23bp 

spacers. The latter are not found elsewhere in the Dh locus. These extra 

RSS enable DIR genes to recombine with other D genes without breaking 

the 12/23 rule. This creates D-D fusions, increasing still further the potential 

variability of the CDR3 region. Such D-D fusions have been shown to occur 

in human mAb (Davidson et al 1990).

Sanz (1991) made a library of heavy chain CDR3 sequences from human B 

lymphocyte cDNA. The variability of these sequences was very striking. 45% 

of them could not be explained by use of a single known germline Dh 

sequence. In the other 55%, diversity of sequence arose from a number of 

different mechanisms including D-D fusion, inversion of germline Dh genes, 

extensive N addition and use of Dh genes in unusual reading frames.

In total, the human Dh locus contains 30-50 gene segments. It seems likely 

that not all of these have yet been cloned since expressed VhC D R 3 

sequences with very little homology to any known gene have been 

described (Sanz et al 1991). The versatility of human Dh segments contrasts
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with the relative simplicity of mouse VhCDR3 sequences where instances of 

D-D fusion, inversion and exchange of sequence between different D genes 

are much less frequent (Ichihara et al 1988).

1.4.7 Human J^genes

The human Jh locus contains six functional genes, designated Jh1 to Jh6 

and three pseudogenes (Ravetch et al 1981). The Dh gene DQ52 lies within 

this locus between the first two Jh genes.

1.4.8 Human V. genes

Amino acid sequences of monoclonal Ig from patients with myeloma were 

used to subdivide human genes into four subgroups prior to the cloning 

of the first nucleotide sequences (Bentley and Rabbitts 1980).

The human locus is on chromosome 2, band 2p11-12 (Malcolm et al 

1982). Over a 12 year period Zachau and colleagues carried out a 

methodical dissection of this locus (reviewed by Schable and Zachau 1993). 

Initially, libraries of genomic DNA were screened to construct maps of 

contiguous overlapping fragments containing genes of all four 

subgroups (Zachau 1990). Four such contiguous regions (contigs) were 

produced and designated 0,L, A and W (Pohlenz et al 1987). Individual 

genes within these regions were denoted by numbers (e.g LI, 12, 01, 02 

etc). This nomenclature is still accepted even though the original contigs 

have been subsumed into a map of the whole locus.

A large part of the locus is duplicated. Thus, within each chromosome 2 

there are two copies of the O, L and A regions (Huber et al 1993a, 1993b, 

Pargent et al 1991a, 1991b, Lautner-Rieske et al 1992). The W region is not
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functional because it is not part of the main Vk locus, being present on the 

long arm of chromosome 2 rather than the short arm (Pargent et al 1991a). 

A small number of non-duplicated genes close to the genes are 

designated the B region.

All genes in the Vk locus locus have now been cloned and sequenced 

(Pargent et al 1991a, Lautner-Rieske et al 1992, Huber et al 1993, Schable 

and Zachau 1993). Apart from the original four subgroups, members of three 

new ones have been discovered giving a total of seven Vk fam ilies. 

However, families VkIV to VII are very small (Schable and Zachau 1993). 

Just as in the Vh locus, members of the families are interspersed and there 

are many pseudogenes. The total number of Vk genes in the locus is 76, of 

which 40 have functional alleles. The rest contain stop codons or mutations 

in the RSS which render them non-functional (Schable and Zachau 1993). 

The numbers of genes in each family are shown in table 1.4.2.

About 800bp of DNA within the Vk locus have not been mapped (Pargent et 

al 1991a). Nevertheless, it seems likely that there are no unmapped 

functional Vk genes within this area since all known expressed Vk 

sequences can be accounted for by genes on the map. Some Vk genes are 

present on chromosomes 1 and 22 (Schable and Zachau 1993). All of these 

are pseudogenes.

Allelic polymorphism of Vk genes is limited (Cox et al 1994). Klein and 

Zachau (1995) reported that most genes from different haplotypes had less 

than 5 nucleotide differences between them. A database of all published 

allelic variants of Vk genes (Tomlinson et al 1996) shows that only four have 

alleles which differ from the most common allele by more than two 

nucleotides.
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Table 1.4.2 Human Genes on Chromosome 2

Family Expressed ORF not known Pseudogene Total
in VDJ to be expressed

VJ 19 3 7 29

VJI 9 4 ' 14 27

VJII 7 1 6 14

VJV 1

V.V 1

V kVI

V.VII 0

Total 40 9 27 76

ORF = Open Reading Frame
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1.4.9 Human genes

Hieter et al (1980) isolated a genomic DNA fragment containing the human 

Jk and Ck genes. There is only one human CKgene so there are no kappa 

isotypes. There are five Jk genes, all of which are functional.

1.4.10 Human genes

The human Vx locus lies on chromosome 22, band 22q11.2 (de la Chapelle

et al 1983). Amino acid sequences were used initially to subdivide human 

sequences into four subgroups (Wu and Kabat 1970). Nucleotide 

sequences of germline V^genes were first cloned in the late 1980s (Brockly 

et al 1989, Bernard et al 1990). Chuchana et al (1990) used the nucleotide 

and amino acid sequence data to update the original subgroup 

classification. They described seven V;;^families within which members

shared nucleotide sequence identity at 75% or more of positions. 

Subsequently, genes which belonged to none of these families were 

identified. These were classified into new families V;^8 (Winkler et al 1992), 

V;^9 (Williams and Winter 1993) and V;^10 (Stiernholm et al 1994).

Southern blotting experiments suggested that the total number of germline 

\/x segments approached 70 (Lai et al 1989) whereas only 20 such

segments had been cloned until the construction of a 1140kb map covering 

the whole V;̂  locus (Frippiat et al 1995). The map contains 51 Vi  genes

arranged in three clusters. Genes from the same family tend to occur in the 

same cluster and are not intermingled as much as those of the Vh and Vk 

loci. Just like the other two loci, however, the V i  locus contains many 

pseudogenes and some families are larger than others. The V;^1,2 and 3 

families comprise more than half of all the V;̂  genes. However, the 30
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Table 1.4.3 Human Vi Genes on Chromosome 22

Family Expressed ORF not known Pseudogene Total
in VDJ to be expressed

V,1

V.2

Vi3 8 2 10 20

V,4

V,5

V;6 1

V.7

V:8 1

Vx9 1

Vi10  1

Total 30 7 14 51

ORF = Open Reading Frame



63

functional V^genes include members of all 10 families (Williams et al 1996). 

On the basis of the map the V;̂  genes have been renamed in the form Xy, 

where X is an Arabic numeral representing the family to which the gene 

belongs and y is a letter which distinguishes the gene from other members 

of the same family. The numbers of genes in each family are shown in table 

1.4.3. Other functional genes are unlikely to exist since all sequences 

from a human V^^cDNA library and all known expressed sequences can 

be accounted for by derivation from genes on the map (Williams et al 1996).

Allelic polymorphism of V;̂  genes was reported before publication of the

map (Frippiat et al 1994, Williams and Winter 1993). Now that all the 

functional V;̂  genes are known, however, it is clear that most alleles differ by 

only 1-2 nucleotides just as in the Vh and loci (Williams et al 1996).

1.4.11 Human genes

The number of genes varies between 7 and 10 in different haplotypes

(Frippiat et al 1995). Vasicek and Leder (1992) analysed a 33.7kb region of 

chromosome 22 containing all the and genes. There are seven 

different human genes but only four, C;̂  1,2,3, and 7 are functional. Each 

is preceded by a single gene segment of which 2 and 3 are identical 

Thus, sequences of mAb can include one of only three different 

sequences. The presence of different genes means that lambda chains, 

like heavy chains, can be divided into isotypic groups. Each isotype uses a 

different C^gene and they can be distinguished by anti-isotypic antibodies. 

There is no evidence that isotype switching occurs.
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1.4.12 The potential repertoire and the expressed repertoire

The potential repertoire of human Ig variable region genes comprises all the 

Vh, Dh, Jh, Vl and Jl genes which are not pseudogenes. However, not all of 

these genes are equally likely to be expressed as antibodies. During fetal 

life only a subset of Vh genes is expressed. This was first shown by 

Schroeder et al (1987,1990) by analysis of transcripts from first trimester 

fetal liver cells. Genes of the Vh3 family were most likely to be expressed in 

these transcripts. There was also some preferential use of Jh3 and 4 genes. 

The nature of the expressed repertoire changes gradually with time. In EBV 

transformed B lymphocytes derived from fetal liver and spleen in the second 

trimester there was little change in the expressed Vh repertoire, but Jh4, 5, 

and 6 had become dominant, a pattern that persists in the adult (Hillson et 

al 1992). By the time of birth, a wider range of Vh genes are expressed. 

Mortari et al (1992) estimated that the neonatal Vh repertoire comprises 35 

genes, as opposed to only 14 in the fetal repertoire.

In situ hybridization studies in unmanipulated adult B cells show that over

expression of Vh 3 genes persists in the adult (Zouali 1992, Stewart et al 

1992). To discover whether this was limited to a subgroup of individual 

genes within that family, Huang and Stollar (1993) made IgM and IgG heavy 

chain cDNA libraries from PBL of healthy adults. In the IgM library use of 

genes from different families was roughly equal to that expected from the 

relative sizes of the families. However, in the IgG library there was 

preferential use of certain Vh3 genes, notably V3-23 and V3-30, both of 

which are also preferentially expressed in the fetus.

In more recent experiments, Brezinschek and colleagues (1997) have 

amplified both the productive and non-productive heavy chain gene
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rearrangements from genomic DNA of single peripheral B cells by PCR. 

Only B cells expressing surface IgM were studied, so it is unclear whether 

the results also apply to IgG. Genes from the Vh 3 family were more likely to 

be used in productive rearrangements than would be expected by chance 

alone. V3-23 was the most commonly used gene of all, accounting for 13% 

of all productive rearrangements. A small group of 8 genes (16% of the 

potential repertoire) accounted for 56% of all productive rearrangements 

(the expressed repertoire). These genes were V3-23, 3-30, 3-07, 1-18, 4-34, 

4-39, 4-59 and DP58 (DP58 is a Vh3 family gene which has not yet been 

located on the map of the Vh locus). Most of these 8 genes are also 

expressed in the fetal repertoire (Hillson et al 1992, Logtenberg et al 1992, 

Matsuda et al 1993).

There are several reasons why certain Vh genes might be rearranged more 

often than the others. Some genes may be present in several copies in a 

single haplotype. For example there may be up to six copies of V3-23 in a 

single human genome (Sasso et al 1995). Sequences in the DNA near a 

gene may improve accessibility of its RSS to the recombination mechanism. 

Chen et al (1996) described the presence of short sequences homologous 

to transcriptional enhancers within the DNA flanking the V3-23 and V3-30 

genes.

Review of 236 published rearranged Vk sequences showed that genes from 

Vk families II and III were more likely to be rearranged than the others (Cox 

et al 1994). A group of 11 genes (about 28% of the potential repertoire) 

accounted for 90% of the expressed repertoire. These genes were 02, 08, 

LB, L I2 and A20 from the VkI family, A3 and A17 from VkII, L2, L6 and A27 

from VkIII, and 83 from VJV.
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The recognition that certain Vh and Vk genes and families are preferentially 

rearranged is important in interpreting sequences of human mAb specific for 

a particular antigen. If, for example, the majority of human anti-DNA 

antibodies are encoded by members of the set of 8 Vk genes described 

above, this would not imply that those genes are specially chosen for their 

ability to encode DNA-binding sites. The evidence from the study of Cox et al 

is that they may encode over 90% of human Ig regardless of specificity.

1.5 SEQUENCE ANALYSIS OF MONOCLONAL ANTI-DNA AND 
APL ANTIBODIES

1.5.1 Monoclonal antibodies from murine models of SLE

A number of strains of mice develop autoantibodies and clinical features 

similar to those of SLE spontaneously. Of these, the MRL/pr//pr mouse 

displays the most dramatic symptoms. These mice develop widespread 

lymphadenopathy, a range of autoantibodies (including anti-dsDNA, anti- 

Sm and APL) and 50% die of glomerulonephritis within six months 

(Andrews et al 1978). The histological features of this nephritis are very 

similar to those of renal SLE.

Shlomchik et al produced monoclonal rheumatoid factors (RF) (Shlomchik 

et al 1987a) and monoclonal anti-DNA antibodies (Shlomchik et al 1987b,

1990) from MRL/p/Z/pr mice. In each case the mAb produced by a single 

mouse could be grouped into a small number of clones. Within each clone 

the sequences of all the antibodies were related by successive somatic 

mutations which occurred primarily in the CDRs. These results suggested 

strongly that both RF and anti-DNA antibodies in MRL/pr//pr mice developed 

due to antigen driven clonal expansion. This conclusion was supported by 

the concentration of R mutations in CDRs compared to FRs. The murine
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J558 Vh family was frequently used in anti-DNA antibodies, accounting for 

three of the five clones. Monoclonal anti-DNA antibodies from this strain 

differ from monoclonal RF in their high content of arginine residues in 

VhCDRS .

FI mice derived from crossing the New Zealand Black and New Zealand 

White strains (NZB x NZW Fi mice) develop a lupus-like illness 

characterized by the presence of autoantibodies and death from severe 

glomerulonephritis (Helyer and Howie 1963).

Marion and colleagues analysed the sequences of over 100 monoclonal 

anti-DNA antibodies from NZB x NZW mice (Tillman et al 1992, Marion et 

al 1992). Their results were similar to those obtained in the MRL/pr//pr 

strain. The IgG (but not IgM) mAb could be divided into clonally related 

groups. This would be expected from the theory that antigen drive acts 

mainly to expand high affinity clones which have already switched their 

isotype. Two clones contained both IgG and IgM members. IgG members of 

these clones carried more mutations than IgM, particularly in the CDRs. 

There was a strong preference for use of three mouse Vh families, J558, 052 

and S I07 which accounted for 60 of the 67 different clones . The same 

families had previously been shown to encode anti-DNA mAb derived from 

NZB X NZW Fi mice by Eilat et al (1988, 1989) and Tsao et al (1990). There 

was no strong preference for any Vl family. Almost all the Vh and Vl genes 

used in these anti-DNA antibodies had previously been reported to encode 

anti-DNA mAb produced in other mouse models. Over half of the 67 

different VhCDRS sequences analysed contained arginines. These were 

derived by N addition, D-D fusion, or shifted reading frame, as well as by 

mutation. Antibodies which bound dsDNA were more likely to be IgG, had 

more mutations and were more likely to have arginines in VhCDRS than
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those which bound ssDNA (Tillman et al 1992). Within a single clone, an 

increase in the number of mutations led to increased affinity for ssDNA and 

the appearance of affinity for dsDNA. This suggested that DNA might be a 

part of the antigen which drove the accumulation of these mutations (Stollar

1991).

Several groups have attempted to produce lupus-like disease by 

immunizing mice with DNA in various forms. Naked mammalian DNA is not 

a good immunogen for this purpose (Gilkeson et al 1989). More success 

has been obtained using DNA/protein complexes.

Murine models of lupus have been produced by immunizing BALB/c mice 

with complexes of mammalian DNA with DNA binding proteins derived from 

Trypanosoma cruzi (Desai et al 1993) or the BK polyoma virus (Rekvig et al

1995). When hybridomas were made from the spleens of these immunized 

mice, mAb derived from them showed the features of expanded clones, Vh 

family preference, recurrent use of certain Vh and Vl genes and arginines in 

VhCDRS which had been seen in the autoimmune models of SLE (Krishnan 

and Marion 1993, Rekvig et al 1995).

SLE-like disease and autoantibody formation have also been reported after 

immunization of healthy-strain mice with monoclonal (Mendlovic et al 1988) 

or polyclonal (Tincani et al 1993 ) human anti-DNA antibodies carrying the 

16/6 idiotype. Shoenfeld and others have suggested that this “experimental 

SLE” develops due to derangement of the idiotypic network (Shoenfeld

1994). It has proved impossible to reproduce these results independently 

and the model remains controversial ( Isenberg et al 1991). However, three 

anti-DNA mAb produced from these mice all used genes of the J558 family. 

One of these was an IgM antibody which contained no mutations in Vh but
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used Vh and Vl genes similar to those of antibodies derived from 

autoimmune mice. The other two were IgG antibodies from a single 

expanded clone which had a number of CDR mutations in Vh and Vl, but 

without accumulation of arginine residues (Waisman and Mozes 1993).

Radio and Weigert (1994) brought together information from sequence 

analysis of over 300 monoclonal anti-DNA antibodies from several of the 

models described above. 86% of all the Vh sequences reviewed were 

derived from just two families, J558 and 7183, whereas use of Vk families 

was much less limited. The frequent use of J558 genes must be interpreted 

with caution. Not only is J558 by far the largest murine Vh family (Kofler et al

1992) but almost 50% of all spontaneously activated B cells from MRL/prZ/pr 

mice use Vh genes from this family (Foster et al 1991) regardless of

antigenic specificity. However, Radie and Weigert also stressed that 

individual Vh and V^ genes were used recurrently in anti-DNA antibodies. 

For example, just 13 Vh genes accounted for almost one-third of all the Vh 

sequences reviewed. Given the large number of V genes in the mouse 

genome (Kofler et al 1992) this repeated use of certain genes to encode 

anti-DNA is unlikely to be a chance finding. This suggests that these Vh 

(and Vk) genes are rearranged preferentially in the production of 

antibodies with this specificity.

Radie and Weigert (1994) also re-iterated the striking accumulation of basic 

residues, notably arginine, asparagine and lysine in the CDRs of murine 

monoclonal anti-DNA antibodies. In many cases these residues were 

derived from somatic mutation or junctional diversity. This suggests that the 

presence of these residues confers increased DNA-binding affinity leading 

to antigen driven expansion of clones. Arginine and lysine are positively 

charged and could therefore interact with the anionic sugar-phosphate
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backbone of the DNA double helix. Asparagine is not positively charged. 

Both asparagine and arginine, however, can form hydrogen bonds with 

purine residues within the helix (Seeman et al 1976, McClarin et al 1986).

1.5.2 Monoclonal antibodies from murine models of APS

There are good reasons to suppose that some of the features found in 

monoclonal anti-DNA antibodies might also be seen in monoclonal APL. 

DNA and PL both possess phosphodiester groups which could act as 

antigenic targets (Shoenfeld et al 1983, Schwartz and Stollar 1985). Many 

mAb from both humans (Shoenfeld et al 1983, Siminovitch et al 1989, 

Logtenberg et al 1989, Ravirajan et al 1992, Rioux et al 1995) and mice 

(Shlomchik et al 1987b, Sthoeger et al 1993, Monestier et al 1996) cross- 

react with both antigens. In mice certain genes, notably VhI I ,  can encode 

either anti-DNA or APL (Eilat et al 1988). Diamond and Scharff (1984) 

showed that a single point mutation in the Vh sequence of a murine 

monoclonal APL was all that was needed to convert it to an anti-dsDNA 

antibody (which no longer bound PL).

MRL Ipr/lpr mice frequently produce APL. Apart from a relatively high 

incidence of myocardial infarction these mice do not develop clinical 

features suggestive of thrombosis. Kita et al (1993) analysed 14 monoclonal 

APL from MRL Ipr/lpr mice. Sequence analysis showed that different 

antibodies from a single mouse tended to be clonally related. Allowing for 

this, the 14 antibodies could be shown to derive from nine different clones. 

Six of these clones used Vh genes of the J558 family but mutations in Vh 

were almost all in FR.Though some of the antibodies had Vh CDR 3 regions 

which were rich in arginine, there was no apparent relationship between 

arginine content and affinity for cardiolipin.
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The (NZW X BXSB) Fi mouse may be a better autoimmune model of APS. 

Male (NZW x BXSB) Fi mice develop some features characteristic of 

human APS, such as thrombocytopenia and vascular disease. Mice of both 

sexes produce serum APL, some of which are of IgG isotype and show 

binding to cardiolipin which is enhanced by P2GPI. These binding 

properties were used to distinguish two of six monoclonal APL studied by 

Kita et al (1994) as “pathogenic” . These two antibodies also induced 

thrombosis when injected into mice. Sequence analysis showed that both 

used J558 genes. The other four “non-pathogenic” antibodies were less 

likely to use this family. The degree of somatic mutation in these mAb is 

uncertain as the germline genes of origin have not been assigned definitely. 

As with MRL Ipr/lpr derived APL, there was no relationship between the 

CDR arginine content and binding to cardiolipin. Indeed, neither pathogenic 

APL had any positive residues in VhCDR 3.

Monestier described a further nine monoclonal IgG APL from (NZW x BXSB) 

Fi mice. All but one used genes from the J558 family. There was no 

preference for any Vl family. Two mAb from a single mouse were clonally 

related. Two mAb from a different mouse would only bind cardiolipin in the 

presence of p2GP1 but the sequence characteristics of these mAb did not 

differ markedly from those of the other seven. Although replacement 

mutations appeared to cluster in the CDRs of Vh but not V l, the authors did 

not comment upon this. Eight of the antibodies had arginine, asparagine or 

both in VhCDR 3. The only exception, however, was the antibody which 

behaved most like a pathogenic APL in that it was completely dependent on 

p2GP1 for binding to cardiolipin and would bind p2GP1 alone on irradiated 

plates.
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1.5.3 Of Mice and Men

To what degree is the evidence from murine models described above likely 

to be relevant to the study of human anti-dsDNA and APL?

Firstly, one might ask whether the models are really very similar to human 

SLE and APS. The marked lymphadenopathy found in MRLIpr/lpr mice, for 

example, is not a common feature of SLE. The autoimmune mice with 

"murine SLE" almost invariably die of severe glomerulonephritis, whereas 

less than 50% of people with lupus develop renal involvement.

However, it is striking that the same sequence features have been found in 

monoclonal anti-dsDNA from all the murine models, whether autoimmune or 

immunized. This suggests that the features of antigen driven clonal 

expansion and accumulation of basic residues may be universal features in 

the development of a high affinity anti-dsDNA response.

The role of gene and family preference in mouse anti-dsDNA is clear. This 

may not be applicable to human antibodies. This is because the mouse and 

human Ig gene repertoires are very different. Mice have much larger 

numbers of Vh and genes than humans (Kofler et al 1992). For example, 

the J558 family alone contains more functional Vh genes than the whole 

human genome. Mice also select genes from the potential repertoire in a 

very different way. The fetal repertoire in mice is restricted to Vh genes 

which are closest to the Jh locus (Kofler et al 1992, Logtenberg et al 1992). 

Fetally expressed genes in humans are distributed throughout the Vh locus 

(Schroeder et al 1987, 1990). Mice very rarely rearrange V̂ . genes. 95% of 

all antibodies in a mouse have kappa chains (Kofler et al 1992). In humans, 

on the other hand, the ratio of kappa and lambda bearing antibodies in the 

bloodstream is about 6:4 (Lai et al 1989, Schable and Zachau 1993,
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Williams and Winter 1993). It seems likely that this difference between the 

species arises because mice do not possess families homologous to human 

\/x 1,2 and 3, which account for most expressed Vx genes (Williams et al 

1996).

These differences between the two species suggest that humans gain 

potential for antibody diversity from their greater ability to use genes. 

However, mice have more freedom to use Vh gene preference as a source 

of diversity, simply because more Vh genes are available.

1.5.4 Human monoclonal antibodies to DNA and PL

Far fewer human than mouse mAb have been produced. Whereas 

laboratory mice can be produced in large numbers and then killed to obtain 

splenocytes for use in the production of mAb, large numbers of human 

splenocytes are rarely available. Many groups have used human PBL 

instead, but the numbers of antibody-secreting hybridomas produced are 

typically lower. In one experiment where it was possible to fuse splenocytes 

from patients with SLE with a human lymphoblastoid cell line, over 200 

antibody-secreting clones were produced (Ravirajan et al 1992). The vast 

majority of these were IgM secreting clones. It has generally proved more 

difficult to produce human IgG mAb. The reasons for this are not entirely 

clear since there appear to be as many IgG as IgM secreting peripheral B 

cells in the bloodstream (reviewed by Ehrenstein et al 1993).

The first human monoclonal anti-DNA antibodies were produced in 1982 

(Shoenfeld et al 1982). Since then approximately 50 more mAb which bind 

ssDNA and/or dsDNA have been reported. Some of these also bind PL. In
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addition, four monospecific mAb which bind PL but not DNA have been 

described.

The sequence features af all these mAb are summarized in tables 1.5.1, 

1.5.2 and 1.5.3. In interpreting these sequences, it is important to ask four 

questions.

1) Is there preferential use of particular genes or families to 

encode anti-DNA or anti-PL mAb? in the original reports, many of 

these mAb sequences were not aligned to the correct germline genes, 

because not all germline V genes had yet been discovered. In the current 

analysis, each sequence has been aligned to the closest allele of the most 

similar gene from the repertoire recognized today. Gene names in the tables 

are those designated in the current maps of the human Vh (Cook and 

Tomlinson 1995) Vk (Schable and Zachau 1993) and V^ (Williams et al

1996) loci.

2) Are the antibodies somatically mutated? This can be estimated 

from the degree of homology to the germline gene. Lower homologies 

suggest more extensive mutation. For example, a homology figure of 92% 

implies that there are approximately 20 somatic mutations within the 

sequence.

3) Is there evidence for antigen driven clonal expansion? The

best evidence for clonal expansion is the isolation of two or more clonally 

related mAb from a single person. Since the frequency of hybridoma 

formation is low (of the order of 20-50 clones per 10^ lymphocytes fused - 

Shoenfeld et al 1982, Ravirajan et al 1992), this implies that the clone from 

which these mAb were derived must have many members. The best
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evidence that expansion has been driven by antigen is the finding of high 

R:S in CDRs but not FRs.

4) Are concentrations of basic residues important? To some extent 

the definition of such a sequence feature is arbitrary. For the purpose of the 

tables, a high concentration of basic residues is taken to mean accumulation 

of three or more basic residues in VhCDR3 or of three to four such residues 

within a five amino acid stretch in any other CDR. These limits were chosen 

because, in germline genes, VhCDR2 and VlCDRI are often 15-20 amino 

acids long and may well contain three basic residues, but rarely in such 

close proximity.

1.5.5 Human iaM mAb

Shoenfeld et al (1982) were the first group to produce human monoclonal 

anti-DNA antibodies. All the mAb produced were of IgM isotype and were 

noted to be polyreactive (Shoenfeld et al 1983). Most monoclonal anti-DNA 

produced over the next 10 years were also polyreactive IgM. A wide variety 

of antigens other than DMA were reported to be bound by these mAb. 

Reactivity to CL was reported most often, simply because it was common for 

groups to test for this property. However, many other antigens have been 

reported to bind to monoclonal human IgM anti-DNA, including myelin 

(Spatz et al 1990), vimentin (Andre-Schwartz et al 1987), poly ADP-ribose 

(Blanco et al 1994) histones (Ravirajan et al 1992) and Sm peptides 

(Ravirajan et al 1992).

The sequence features of these polyreactive antibodies are shown in table

1.5.1. In many of the early reports, only the heavy chain was sequenced. The 

majority of the antibodies sequenced show homologies of 98 to 100% in Vh 

and Vl indicating very little somatic mutation. However, five of the 28 mAb in



76

the table have high R:S ratios in the CDRs. This shows that antigen driven 

accumulation of mutations is not necessarily accompanied by loss of 

polyreactivity and can occur in IgM antibodies. Clonal expansion can occur 

even where there is no mutation. The unmutated mAb 18/2 and 1/17 

(Dersimonian et al 1987) are derived from an expanded clone in a single 

patient with SLE.

Accumulations of positive residues occurred in six of these antibodies. 

These did not arise by somatic mutation. In WRI176 (Blanco et al 1994), RT 

79 (Stevenson et al 1993), RT 84 (Kalsi et al 1995) and H5 (Hohmann et al

1995) these were present in VhCDRS. In 21/28 and 8E10 (Dersimonian et al 

1987) they occurred in the germline CDR2 sequence of the rarely used Vh 

gene 1-03.

There are good reasons for considering these polyreactive mAb to be 

representatives of the class of natural autoantibodies. In many cases, they 

were produced from tissues of healthy people rather than those with SLE. 

They typically bound a number of antigens with relatively low affinity and 

most of them had very few somatic mutations. In these antibodies there was 

no link between antigen driven somatic mutation (where it occurred) and 

accumulation of sequence features likely to favour DNA binding. The five 

mAb with high R:S in CDR did not show either stronger or more specific 

binding to DNA than others in the table.

Table 1.5.2 shows the characteristics of monoclonal IgM believed to be more 

pathologically relevant. Manheimer-Lory et al (1991) studied seven anti- 

dsDNA antibodies which did not bind to other antigens tested (it is not clear 

which antigens) and which carried the 31 idiotype believed to be important in 

lupus nephritis (Halpern et al 1985, Diamond and Schwartz 1987). Four of
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these antibodies, III-3R, III-2R, 11-1 and IC-4 were IgM. Similarly Hirabayashi 

et al (1993) studied mAb NE1 and NE13 which were clonally related, bound 

only ssDNA and dsDNA, and carried the NE1 idiotype. NE1 is also 

detectable on anti-DNA in kidneys damaged by lupus nephritis. Kim 11.4 

(Daley et al 1993), B8807 and B8815 (Rioux at al 1995) do not carry 

idiotypes relevant to lupus but are of interest because they are monospecific 

binders to ssDNA.

Despite the fact that they bind specifically to DNA, these nine mAb do not 

carry more mutations in either Vh or VL than the polyreactive mAb in table

1.5.1. NE1/NE13 and Kim 11.4 have accumulations of basic residues in 

VhCDR3 and VlCDR2 respectively, but this is not a feature of the other six 

mAb.

Berek and Milstein (1988) suggested that the earliest phase of the antibody 

response to a particular antigen was dominated by clones whose sequence 

permitted binding to that antigen with minimal mutation. Only later would 

highly mutated IgG antibodies take over due to antigen driven clonal 

expansion. Perhaps the nine monospecific anti-DNA mAb in table 1.5.2 

represent this class of minimally mutated, non-antigen driven IgM which may 

nevertheless be important in mounting a specific challenge to a given 

antigen.

The idea that minimally mutated IgM can have intrinsic properties which 

enhance binding to a particular antigen is supported by consideration of the 

five monoclonal APL in table 1.5.2. With the exception of REN (Mariette et al

1993) all of these mAb bind PL but not DNA. REN was derived from a patient 

with features of APS and, alone among these monoclonal aPL, its binding to 

CL is enhanced by p2GP1. It is therefore likely to be clinically relevant. BH1
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(Harmer et al 1995) does not bind PL in the absence of serum, though the 

serum factor responsible was not isolated. It was derived from PBL of a 

patient with active PAPS and may also be clinically relevant. Kim 13.1 

(Siminovitch et al 1990) and STO 103 (Dénommé et al 1994) were derived 

from subjects who did not have APS but these mAb are of interest because 

of their monospecific binding to PL. RSP4 (Demaison et al 1995) is also 

monospecific and was derived from a patient with SLE, serum APL and 

thrombocytopenia. All five mAb bind principally to negatively charged PL.

Like the monospecific anti-DNA antibodies considered above, these APL 

contain very few somatic mutations. All of them, however, have concentrated 

areas of basic residues in the CDRs. In four of the mAb these residues are in 

VhCDR3. The other mAb (STO 103) contains a run of four successive basic 

residues in VlCDRI. It is easy to see how a VDJ rearrangement which 

created a highly positive VhCDR3 could produce an intrinsic capability to 

bind negatively charged PL, even in the absence of further somatic mutation.

Taking the IgM mAb in tables 1.5.1 and 1.5.2 as a whole, it seems clear that 

there is no evidence for preferential use of Vh or Vl families. All Vh families 

are represented with the exception of the small and rarely expressed Vh2. 

Similarly the four major V^ and two of the three major V^ families all encode 

mAb in these tables. The largest families encode the most mAb. Thus VhT 3 

and 4 between them account for all but six of these IgM. In fact, Vh6 is 

probably overrepresented because the four mAb A10, A431, LI 6 and 

ML1 (Logtenberg et al 1989) were derived from an experiment which 

specifically set out to find clones which rearranged this gene.

V3-23 is the most commonly used Vh gene, occurring in nine of the 38 

(23%) anti-DNA IgM listed but not in the monospecific APL. This is higher
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than the 13% of all productive Vh rearrangements estimated to include this 

gene by Brezinschek et al (1997). V3-23 may therefore be used 

preferentially in anti-DNA. About half (20/42) of the IgM are encoded by Vh 

genes of the group of eight genes shown to encode 56% of productive IgM 

rearrangements (Brezinschek et al 1997). Thus, apart from V3-23, there is 

little to suggest that the pattern of gene usage in these IgM is different from 

that intrinsic to the recombination process.

Almost all the V^ genes used in these antibodies belong to the group of 11 

estimated by Cox et al (1994) to encode 90% of the expressed repertoire. 

The exceptions are A30 and L5. A30 is interesting because it has also been 

reported to encode cationic anti-DNA antibodies extracted from blood of 

patients with lupus nephritis (Harada et al 1994).

There is no evidence for preferential usage of any Jh or Jl gene in either IgG 

or IgM anti-DNA or APL. Use of Dh genes is difficult to analyse since most of 

the mAb have complicated VhCDR3 regions to which more than one Dh 

segment contributes. However the Dh gene DXP'1 contributes the sequence 

tyrosine-tyrosine-glycine-serine (YYGS) to a number of anti-DNA including 

18/2, 1/17 and 21/28 (Dersimonian et al 1987), and Kim 4.6 (Siminovitch et 

al 1989). YYGS is also found in CDRs of some pathogenic mouse 

monoclonal anti-DNA (Tsao et al 1990). it has been suggested (Cairns et al 

1989) that this tyrosine rich motif could contribute to the DNA binding site.

1.5.6 Human laG mAb

The sequence features of 17 IgG mAb are shown in table 1.5.3. All these 

mAb are specific for dsDNA with the exceptions of 33.F12 (Winkler et al 

1992) which also binds CL, D5 (Stevenson et al 1993) which also binds 

ssDNA, 9702 (Rioux et al 1995) which binds ssDNA and platelets but not
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dsDNA, and R149 (van Es et al 1992) which binds ssDNA and CL but not 

dsDNA.

There are no unmutated Vh or Vl amongst these 17 mAb. These IgG are 

much less homologous to their germline genes than the IgM discussed 

above. The degree of mutation is greater in Vh than Vl in almost every case. 

In 12 of the mAb, high R:S in the CDRs suggest antigen driven clonal 

expansion, although no-one has yet produced two clonally related IgG anti- 

DNA from the same individual. In three of the other mAb, 33.C9 (Winkler et al

1992) SD6 (Paul and Diamond 1993) and D5 (Stevenson et al 1993) R 

mutations are present in the CDRs, but because there are also R mutations 

in FRs and 8 mutations in CDRs it is not possible to conclude that an antigen 

driven process has occurred.

Accumulations of basic residues also occur in CDRs of most of these mAb. 

These are not confined to VhCDR3 and often arise by mutation. Winkler et al 

(1992) showed that amongst the six mAb 32.B9, 33.H11, 33.F12, 33.C9, 

35.21 and 19.E7 mutations to basic residues were common and occurred in 

all six CDRs. Ehrenstein et al (1994) described the mAb B3 which has no 

basic residues in VhCDR3 but two successive arginine residues resulting 

from somatic mutation in VlCDRI.

In contrast, an important role for VhCDR3 was suggested by consideration of 

antibodies encoded by the gene V4-34. This gene encodes all human cold 

agglutinins and heavy chains derived from V4-34 carry the idiotope 9G4 

which is commonly present in patients with SLE (Isenberg et al 1993). 

Comparison of the 9G4 positive IgG anti-DNA antibodies T14 (van Es et al

1991) and D5 (Stevenson et al 1993) with cold agglutinins shows that the 

main difference between them is the presence of basic residues in VhCDR3
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of the anti-DNA antibodies but not the cold agglutinins. The VhCDRS region 

of T14 is also rich in tyrosine residues, a feature which has also been noted 

in other IgG (SD6 - Paul and Diamond 1993) and IgM (Kim 4.6 -Siminovitch 

et al 1989) anti-DNA antibodies.

33.F12 and R149 (van Es et al 1992) are the only IgG APL reported (prior to 

the work to be described in this thesis). They have no features to distinguish 

them from the non-PL binders in the table. In particular, both have 

accumulations of basic residues. In the case of R149 there are five arginines 

in VhCDRS. Prior to the work described in this thesis, no sequences of 

monospecific human IgG APL had been reported.

There is no strong indication that particular Vh or V^ families are used 

preferentially in these IgG antibodies. The 17mAb use Vh genes from the 

largest families V h 1,3  and 4 and all four major V^ families are represented. 

Gene usage is similar in the IgG and IgM anti-DNA antibodies. V3-23, V3-30 

and V4-34 are again amongst the most commonly used Vh genes.

A single V^gene, 2a2, encodes four of the five lambda chains shown to 

occur in IgG anti-DNA. Conversely, neither 2a2 nor any other Mi2 gene is 

used in any of IgM anti-DNA reported so far. This difference between IgG 

and IgM is striking though it would be premature to draw any conclusions as 

to preferential usage of \l\2  genes from such a small number of antibodies. 

The Vh gene V3-11 is also not used in IgM anti-DNA but encodes three IgG 

anti-DNA. In two of these cases, 33.F12 (Winkler et al 1992) and H2F 

(Manheimer-Lory et al 1991) V3-11 is practically unmutated. Perhaps V3-11 

can encode anti-dsDNA but not anti-ssDNA . While other antibody secreting 

clones might start as anti-ssDNA secretors and develop anti-dsDNA activity 

through sequential somatic mutation, clones which rearrange V3-11 might
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start as high affinity anti-dsDNA. Alone amongst germline Vh genes, V3-11 

CDR1 contains the sequence YYMS which is very similar to the YYGS motif 

believed to be important in VhCDR3 of some other anti-DNA antibodies.
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References for mAb in tables 1.5.1. 1.5.2 and 1.5.3

Table 1.5.1

1) Dersimonian et al 1987

2) Hoch and Schwaber 1987

3) Siminovitch et al 1989

4) Logtenberg et al 1989

5) Spatz et al 1990

6) Sanz et al 1989b

7) Watts et al 1991

8) Young et al 1990

9) Blanco et al 1994

10) Stevenson et al 1993

11) Kalsi et al 1995

12) Rioux et al 1995

13) Hohmann et al 1995

Table 1.5.2

1) Manheimer-Lory et al 1991

2) Hirabayashi et al 1993

3) Daley et al 1993

4) Rioux et al 1995

5) Siminovitch et al 1990

6) Mariette et al 1993

7) Harmer et al 1995

8) Dénommé et al 1994

9) Demaison et al 1995

Table 1.5.3

1) Winkler et al 1992

2) van Es et al 1991

3) Manheimer-Lory et al 1991

4) Davidson et al 1990

5) Stevenson et al 1993

6) Ehrenstein et al 1994

7) Paul et al 1992

8) Paul and Diamond 1993

9) Rioux et al 1995

10) van Es et al 1992

* In all three tables the abbreviation 
NP signifies that a sequence has not 
been published



Table 1.5.1 Sequence Characteristics of Human Polvreactive IgM

OO

mAb
18/2

Origin 
SLE PBL

Vh Gene 
3-23

Vh homoloav 
100%

Vi f̂amily
NP

Yi^ene
NP

Vi_homoloav
NP

Hioh R;S 
in CDR 
No

Basic residues 
in CDR 
No

Rçf.
1

1/17 SLE PBL 3-23 100% NP NP NP No No 1

21/28 SLE PBL 1-03 100% NP NP NP No Yes 1

8E10 Leprosy 1-03 100% NP NP NP No Yes 1

C6B2 Sickle cell 
spleen

4-61 97% NP NP NP No No 2

Kim 4.6 Healthy tonsil 3-30 100% Vx1 1b 100% No No 3

A10 Healthy PBL 6-01 99% NP NP NP No No 4

A431 Healthy PBL 6-01 98% NP NP NP No No 4

Lie Fetal liver 6-01 100% NP NP NP No No 4

ML1 Fetal spleen 6-01 100% NP NP NP No No 4

POP CLL 3-23 96% VkIII L6 99% Yes No 5

Ab47 Healthy PBL 7-4.1 98% NP NP NP Yes No 6

BEG 2 Fetal liver 4-61 99% NP NP NP No No 7

B19.7 SLE PBL 3-23 100% NP NP NP No No 8

WRI176 SLE spleen 3-30 99% VkIII L16 99% No Yes 9

RT79 SLE spleen 4-34 100% VkII A3/A19 99% No Yes 10



Table 1.5,1 (continued)

un
OO

mAb Origin Yü G.@ng Vh homoloav VJamily VLhomoloav
Hiqh R:S 
inÇDR

Basic residues 
in CDR Réf.

RT72 SLE spleen 4-b 100% VkI L12 99.7% No No 11

RT84 SLE spleen 4-34 100% NP NP NP No Yes 11

9500 SLE PBL 3-33 100% VkI L8 98% No No 12

9604 SLE PBL 3-21 96% Vx3 3m 98% No No 12

C119 SLE PBL 3-23 96% VkIII L6 100% Yes No 12

C471 SLE PBL 3-64 99.6% VkIII L2 100% No No 12

B122 Healthy PBL 1-18 97% VkI L12 98% No No 12

B6204 Healthy PBL 3-23 97% VkIII A27 99.7% No No 12

H3 Healthy PBL 1-46 97% V%3 31 97% No No 13

H5 Healthy PBL 4-30 96% NP NP NP Yes Yes 13

AS Healthy PBL 3-23 100% Vi3 3p 97% Yes No 13

Bou53.6 Healthy tonsil 3-23 100% VkI L12 99% No No 13



Table 1.5.2 Sequence Characteristics of More Specific Human IgM Antibodies to DNA and PL

ANTI-DNA ANTIBODIES

VO
OO

mAb
III-2R

Origin 
SLE spleen

Vh aene 
3-23

Vh home 
96%

III-3R SLE spleen 3-07 99%

IC-4 SLE spleen 4-59 97%

11-1 SLE PBL 5-51 98%

NE1 SLE PBL 4-34 100%

NE13 SLE PBL 4-34 100%

Kim 11.4 Healthy tonsil 4-39 98%

B8807 RA PBL 4-61 100%

B8815 RA PBL 3-30 100%

ANTIPHOSPHOLIPID ANTIBODIES
Kim 13.1 Healthy tonsil 1-69 99.7%

REN CLL 4-61 100%

BH1 PAPS PBL 3-30 100%

STO 103 Healthy tonsil 4-61 100%

RSP4 SLE PBL 3-30 97%

Vl familv 
VkI

Vl aene 
A20

Vl homology 
100%

Hioh R:S 
in CDR 
No

Basic residues 
in CDR 

No
Ref.
1

VkI 018 99% No No 1

VkI 018 96% No No 1

VkIII L16 98% No No 1

VkI L5 99.7% No Yes 2

VkI L5 100% No Yes 2

V II 1c 98% Yes Yes 3

VkI A30 99.6% No No 4

VkIII L6 99.3% No No 4

VkIII L6 100% No Yes 5

WIQ 8a 99.7% No Yes 6

VX3 3r 99% No Yes 7

VkIV B3 100% No Yes 8

V II 1 e 98% No Yes 9



Table 1.5.3 Sequence Characteristics of Human IgG Antibodies

OO

mAb Oriain Vy gene Vh homoloav Vl familv Vl gene Vl homoloav
Hiah R:S 
in CDR

Basic residues 
in CDR Ref

32.B9 SLE PBL 3-23 97% V18 8a 98% Yes Yes 1

33.H11 SLE PBL 3-07 95% V12 2a2 99.4% Yes Yes 1

33.F12 SLE PBL 3-11 98% VkIH A27 99.7% Yes Yes 1

33.C9 SLE PBL 4-39 94% VkI L12 98% No No 1

35.21 SLE PBL 3-74 95% NP NP NP Yes Yes 1

19.E7 SLE PBL 3-30 99% VkIII L6 99.7% No No 1

T14 SLE PBL 4-34 96% VkIII A27 99% Yes Yes 2

2A4 Myeloma 4-61 92% VkI 02 93% Yes Yes 3,4

l-2a SLE spleen 3-30 94% VkI L8 94% Yes Yes 3

H2F SLE PBL 3-11 99% VkIV B3 98% No Yes 3

D5 SLE PBL 4-34 94% VkIII A27 96% No Yes 5

B3 SLE PBL 3-23 94% V12 2a2 93% Yes Yes 6

KS3 SLE PBL 4-34 94% M\2 2a2 96% Yes Yes 7.8

SD6 Healthy PBL 3-30 97% VX2 2a2 96% No Yes 7,8



Table 1.5.3 (continued)

00
00

mAt? Origin Vü_gene Vh homoloav Vl familv Vl aene Vl homoloav
Hiah R:S 
in CDR

Basic residues 
in CDR Ref

9702 SLE PBL 1-46 98% VkIII A27 99% Yes No 9

B8801 RA PBL 3-11 96% VkI A30 97% Yes No 9

R149 SLE PBL 1-69 97% VkII A3 99.4% Yes Yes 10
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1.6 INVESTIGATION OF ANTI-DNA ANTIBODIES BY 

MODELLING 3-PIMENSIONAL STRUCTURE AND BY 

EXPRESSING CLONED la cDNA

The sequence analyses described in the previous chapter have enabled 

hypotheses to be proposed concerning the importance of certain residues, 

notably basic residues and tyrosines in CDRs, in binding of antibodies to 

DNA. To test these hypotheses it is necessary either to develop an image of 

the antigen antibody interaction in three dimensions or to alter those 

residues and measure the effect on DNA binding affinity. The first of these 

goals can be achieved by X ray crystallography or computer assisted 

modelling. The second can be addressed by expressing slightly mutated 

forms of the Ig cDNA to create slightly altered antibody molecules.

1.6.1 Crystal structures of anti-DNA antibodies

Crystals of Ig Fab were first produced in the 1970s. Co-crystals of Fab with 

ligands such as vitamin K (Amzel et al 1974) were particularly informative in 

showing that the CDRs formed the majority of contacts between antibody 

and antigen. Although relatively few crystal structures of anti-DNA antibodies 

have been published (reviewed by Kalsi and Sutton 1997), some 

information on protein/DNA interactions may be extrapolated from studies on 

other DNA binding proteins. For example, the co-crystal of the restriction 

enzyme EcoRI with DNA (McLarin et al 1986) shows the presence of 

hydrogen bonds between arginine and guanine as postulated by Seeman et 

al (1976).
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The only co-crystal of anti-DNA with ssDNA reported so far is that of the 

murine Fab BV-0401 (Herron et al 1991). The binding site of BV 04-01 was 

found to be a large irregular groove between the Vh and V l regions. 

Residues from all six CDRs contributed to the walls of the groove. An 

arginine residue from VhCDR2 formed an ionic interaction with the 

phosphate backbone of ssDNA. Apart from this, however, there were no 

interactions with basic residues even though several other arginines and 

lysines were present in the binding site. The ssDNA used in the crystal was 

a simple trinucleotide of deoxythymidylic acid [(dT)3]. The central thymine of 

this trinucleotide formed hydrogen bonds by stacking between the planar 

rings of a tyrosine residue from VlCDRI and a tryptophan residue from 

VhCDRS.

1.6.2 Modelling of antibody-DNA interactions bv computers

It is difficult to purify quantities of a single mAb sufficient to make crystals. 

However, data from crystal structures of mAb of known sequence have been 

used to develop computer programs which can predict the three- 

dimensional structure of an antibody from its amino acid sequence (Chothia 

et al 1989, Martin et al 1989).

Several anti-DNA antibodies have been modelled by these methods. Eilat et 

al (1988) produced a model showing that the murine anti-DNA mAb D42 

bound a (dT)a trinucleotide in a shallow cleft, the base of which was rich in 

tyrosine, asparagine and lysine residues. Barry et al (1994) modelled six 

murine monoclonal anti-DNA. It was later possible to compare some of these 

models with crystal structures of the same Fab, showing that they were 

accurate to within 0.1 nm at most positions. Binding sites for ssDNA in these 

models were shallow clefts. Tyrosines at the bases of the clefts were thought
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to take part in stacking interactions whereas basic residues were present at 

the cleft sides. dsDNA was thought to bind to the surface of the antibody, 

without the need for a cleft.

Kalsi et al (1995) reached opposite conclusions by modelling human 

monoclonal anti-DNA antibodies. mAb B3, which binds dsDNA, appeared to 

do so in a deep cleft bounded by arginines from VlCDRI and CDR2 and 

VhCDR2. The VlCDRI arginine was the product of a somatic mutation, in 

contrast, mAb WRI176, which binds ssDNA more strongly than dsDNA, had 

no cleft. The mode! suggested that an exposed tryptophan residue from 

VhCDR2 could make important stacking interactions. This tryptophan is the 

only replacement mutation in the Vh sequence of WRI176. These antibodies 

are discussed further in section 4.1.

Models can therefore be used to predict that individual residues are vital to 

the antibody-DNA interaction. These residues need not always be in the 

binding site itself. Certain deeply buried residues may control the interaction 

between different loops of the V region. Alterations in such residues could 

change the three-dimensional structure of the whole molecule in such a way 

as to enhance or inhibit binding to antigen (Eilat et al 1988, Irigoyen et al 

1996).

1.6.3 Expression of cloned antibody oDNA

In comparison to methods such as hybridoma production or EBV 

transformation of B cells, the in vitro expression of cloned antibody cDNA 

produces a poor yield of Ig. The great advantage of expression systems, 

however, is that the sequence of the DNA being expressed can be 

controlled. It is therefore possible to use site-directed mutagenesis to
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produce an antibody with a precise amino acid sequence based solely on 

theoretical considerations (Hasemann and Capra 1990, Johnson and 

Chiswell 1993). For example, one could modify anti-DNA mAb by mutating 

individual residues predicted by computer models to be integral to the DNA 

binding site

1.6.4 Expression in bacterial systems

The major drawbacks of bacterial expression of eukaryotic proteins are that 

post-translational modifications such as glycosylation are absent and that 

the molecules may not be folded properly. This applies particularly to large 

molecules like Ig heavy chains, and it has not been possible to express a 

stable, functional whole antibody molecule in bacteria (Hasemann and 

Capra 1990, Morrison 1992, Persic et al 1997). Since binding properties of 

an antibody depend only on the variable regions, however, it has been 

possible to express smaller fragments of antibodies which will still bind 

antigen. Single chain Fv fragments (scFv) consist of the Vh and Vl domains 

joined by a small, flexible, linker segment. This flexibility allows the Vh and 

Vl domains to adopt a range of different conformations relative to each other 

and thus to create an antigen binding site. In some cases, however, scFv 

form insoluble inclusion bodies which do not bind antigen (Stollar 1994).

Brigido et al (1993) used a plasmid scFv expression vector to express Vh 

and VL from the murine monoclonal anti-2-DNA antibody Z22 (Brigido et al 

1993). scFv containing both Vh and VLOf Z22 bound Z-DNA but not B-DNA 

or ssDNA. These are the same binding properties shown by whole Z22 

molecules. Replacement of either Vh orVLby other mouse Vh or Vl genes 

prevented binding to Z-DNA in most cases. These experiments suggested 

that both Vh and Vl were important in this antibody.
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In a subsequent experiment, this group compared Z22 with the murine mAb 

Z3-3 which shares the same light chain sequence but which does not bind 

Z-DNA (Polymenis and Stollar 1994). When VhCDR3 and Vh FR 4 of Z3-3 

were replaced with those of Z22, the resulting antibody could bind Z-DNA, 

suggesting that Vh CDR3 is a major contributor to this affinity. Site-directed 

mutations identified particular residues in CDR3 of both Vl and Vh as 

important for antigen binding. These residues included asparagine and 

serine in V h and tryptophan in Vl but no arginines. A computer model 

suggested that these residues might form hydrogen bonds to the Z-DNA 

helix.

Rumbley et al (1994) expressed scFv comprising Vh and VLOf the murine 

mAb BV-0401, the crystal structure of which was discussed in section 1.6.1 

(Herron et al 1991). Mutations affecting the tryptophan and tyrosine residues 

which take part in stacking interactions with thymine were found to reduce 

affinity for (dT)s, as predicted by the crystal structure.

An alternative to the use of plasmid vectors for bacterial expression is to 

clone Vh and VL into a phagemid. Phagemids are plasmid -based vectors 

which can replicate as ssDNA and be packaged into bacteriophage 

particles. The advantage of this is that the recombinant antibody fragment 

can be produced as a fusion protein, connected covalently to a surface 

protein of the phage particle. This is known as phage display (Johnson and 

Chiswell 1993). Phage display vectors can be used to produce either 

surface bound scFv or Fab.

The bacterial growth medium containing the free phage particles can be 

exposed to a surface coated with the antigen of interest and phage particles
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which bind to this surface can be selected for a further round of transfection 

and selection. By repeating this process several times it is possible to obtain 

a population of phage particles highly enriched for the presence of antibody 

which binds this antigen with high affinity. The ideal circumstance for use of 

the phage display system is to screen a large number of combinations of 

expressed Vh and Vu to discover which combinations confer high affinity 

binding. This is known as repertoire cloning (Barbas et al 1992,Roben et al 

1996).

Barbas et al (1995) used this approach to clone unselected human Vh and 

Vl genes in a phage display library from which antibodies were selected for 

binding to human placental DNA. Six high affinity anti-dsDNA Fab were 

isolated from V genes derived from lymphocyte IgG cDNA of a patient with 

SLE and one from bone marrow IgG cDNA of a healthy donor. Five of these 

seven Fab used Vh3 genes (three V3-23, two V3-30), one VhI (V I-02) and 

one Vh6 (V6-01). Some of the antibodies derived from the patient with SLE 

showed evidence of hypermutation concentrated in the CDRs but this was 

not associated with increased affinity for DNA. Indeed, the highest affinity 

antibodies had 98-99% homology to germline Vh genes. There was, 

however, accumulation of basic residues in Vh CDR3 of all these high affinity 

antibodies. Sequencing of the Vl regions showed that genes from families 

V l 1 (1e),2 (2a2), 3 (31) and 7 (7a) and from VJII (A27) were used. Only the 

antibody derived from 7a and the two derived from A27 showed increased 

mutation and increased positive charge in the CDRs. Only one of these three 

mutated antibodies was a high affinity binder. The conclusion from this study 

was that, in high affinity human anti-DNA IgG, the presence of basic residues 

in Vh CDR3 is more important than the presence of mutations in other CDRs 

of either chain.
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The main criticism of this work is that there is no evidence to show that the 

high affinity VhA/l combinations isolated from the phage display library bear 

any relevance to antibodies produced in vivo. Since the cloned V genes 

were derived from cDNA of the donors it is clear that they must be expressed 

at the time of donation. However, this does not prove that the particular Vh 

and V l genes paired in the high affinity phages are co-expressed in any B 

cell of the donor. This is in contrast to mAb produced by hybridomas or EBV 

transformed B cells. Since these are derived ultimately from single 

lymphocytes, it follows that any VhA/lcombination seen in such a mAb must 

occur in at least one cell in the donor.

This criticism was addressed in a subsequent paper (Roben et al 1996). The 

aim of this study was to select clinically relevant high affinity VhA/l 

combinations by repertoire cloning of V genes derived from peripheral blood 

IgG cDNA of monozygotic twins. One twin (AA) had active SLE and a high 

blood anti-dsDNA level whereas the other (BB) was well, had no anti-dsDNA 

but positive ANA. It was found that high affinity anti-dsDNA Fab could be 

derived from the twin with lupus but not from the healthy twin. Anti-ssDNA 

could be derived from either twin. Furthermore, the phages selected from AA 

after four cycles of panning against DNA were derived from just two separate 

clones. This suggested that the IgG anti-dsDNA response in this patient 

might be dominated by a few highly expanded clones, as would be expected 

from the theory of antigen driven clonal expansion, and that the high affinity 

phages selected might be representative of these clones. One clone 

(designated AD4-37) used the V3-30 and 3r genes for heavy and lambda 

chains respectively. There were only two mutations in each chain and these 

did not increase positive charge. The other clone (AD4-18) used the V5-51 

Vh gene and the 1e Vx. gene. V5-51 had not previously been shown to 

encode an IgG anti-dsDNA antibody. The sequences of both chains of AD4-
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chains of AD4-18 showed many mutations in both FR and CDR and these 

included the production of new asparagine residues in Vh CDR1 and 2. Both 

the anti-dsDNA clones contained lysine and arginine residues in Vh CDRS.

The near germline sequence of AD4-37 meant that it was relatively easy to 

use previously known anti-idiotypic reagents to identify cross-reactive 

idiotypes on both chains. The idiotypes 86 and lll^a  were found on the 

heavy and light chains respectively. IgG anti-dsDNA activity of serum taken 

from the donor AA was inhibited by both anti-B6 and anti-IIIÀa. When both 

anti-idiotypic reagents were added, the inhibitory effect was no greater than 

that of anti-lllla  alone suggesting that the two idiotypes were present on the 

same anti-dsDNA antibodies. This suggests that in this patient IgG 

antibodies in which both the heavy and light chains are similar to those of 

AD4-37 are making an important contribution to the serum anti-dsDNA level. 

It can therefore be argued that clone AD4-37 is clinically relevant. It would, 

however, be difficult to repeat the same procedure for AD4-18 and other 

mutated antibodies unless suitable idiotypes can be discovered.

Mockridge et al (1996) used phage expression of Fab in a different way. 

Rather than cloning a whole repertoire, this group studied a single well- 

characterized human anti-DNA mAb, D5 (Ehrenstein et al 1993, Stevenson 

et al 1993). D5 uses the Vh gene V4-34, as do all known cold agglutinins. 

As noted in section 1.5.6, V4-34 encoded anti-DNA antibodies all have 

accumulations of basic residues in this CDR whereas cold agglutinins 

encoded by the same germline gene do not. (Stevenson et al 1993). 

Mockridge et al showed that D5 Vh and Vl could be expressed as phage 

bound Fab which would bind both ssDNA and dsDNA. When the D5 heavy 

chain was replaced by that of a cold agglutinin which had no mutations in 

V h and no basic residues in CDR3, DNA binding activity was lost
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completely. However, if the Vh CDR3 sequence of this cold agglutinin was 

then replaced by that of D5, DNA binding activity was restored. This showed 

that somatic mutations in the FRs, CDR1 and CDR2 of D5 Vh were not 

essential for binding to DNA but that the basic residues in Vh CDR3 were 

very important. Replacement of D5 Vk by the corresponding unmutated 

germline gene reduced affinity for DNA. Thus mutations in the light chain 

must also play a role in this antibody.

1.6.5 Expression in eukaryotic cells

The major stimulus for the development of eukaryotic expression systems 

has been the need to express biologically active whole antibodies. The non

glycosylated scFv and Fab produced in bacteria are inadequate for this 

purpose (Morrison 1992).

Although Ig molecules can be expressed by yeast (Horwitz et al) and insect 

(Hasemann and Capra 1990) cells, these methods have not been used to 

produce anti-DNA antibodies.

Two types of expression of anti-DNA antibodies in mammalian cells have 

been described. Transient expression implies that the foreign genes 

inserted on the plasmid vector are active for a short period of time after 

which no more antibody is produced due to loss of the plasmid. Only small 

amounts of Ig are produced in this way, but selection of cells for drug 

resistance markers and long-term maintenance of cell lines are not required. 

Stable expression relies on the fact that a small minority of cells will 

continue to express genes on the plasmid for many generations, usually 

due to integration of the vector DNA into the host cell chromosome. This 

minority population can be selected and maintained by using markers such
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as drug resistance which are present in the plasmid but not in the host cell 

chromosomes. Only cells which maintain the plasmid will survive in the 

presence of the appropriate drug. Stable expression allows the production 

of large quantities of antibody, but can be difficult to achieve.

Most of this work has been carried out with murine antibodies and has been 

designed to investigate the importance of arginine and other basic residues, 

particularly in VhCDRS. A number of groups have used heavy chain loss 

variants. These are hybridoma cells which have lost the ability to secrete 

heavy chain (Radie et al 1991, Pewzner-Jung et al 1996). Stable expression 

of whole IgG can be achieved by transfecting these cells with vectors 

containing Vh and Ch sequences under the control of an appropriate 

promoter.

Radie et al used this method to study the Vh sequence of the murine anti- 

DNA mAb 3H9. Initially they transfected 3 H 9 V h into a number of different 

heavy chain loss variants and showed that it could produce anti-ssDNA 

antibodies in combination with a wide range of V l sequences (Radie et al 

1991). This suggested that the heavy chain of 3H9 was the major contributor 

to DNA binding specificity. 3 H 9 V h contains three somatic mutations in CDR2 

and there is a single arginine in CDR3. When the transfected 3 H 9 V h 

sequence was modified to revert these three mutations it was found that loss 

of an arginine at position 53 dramatically reduced affinity for dsDNA (Radie 

et al 1993). Reversion of the other mutations (not involving basic residues) 

had little or no effect. Similarly, when the arginine in CDR3 was changed to 

glycine, ability to bind DNA was lost completely. The crucial role of arginine 

residues was underlined by experiments in which extra arginines were 

introduced into the transfected 3 H 9 V h sequence at sites where they were 

known to occur in other murine anti-DNA mAb CDRs. In most cases the
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addition of a single extra arginine increased the affinity for both ssDNA and 

dsDNA by between 5 and 10-fold. Addition of two arginines could increase 

affinity by up to 70-fold, but this did not occur in all cases. There was no 

simple relationship between absolute number of CDR arginines and DNA- 

binding affinity. Arginines in some positions could interact with other 

residues in such a way as to reduce this affinity. For example the 

introduction of an arginine at position 64 of 3H9Vh eliminated binding to 

DNA, probably because of formation of a salt bridge with the neighbouring 

aspartic acid residue at position 65.

In a similar study, Katz et al (1994) studied the Vh sequence of the murine 

anti-dsDNA antibody R4A. This antibody is encoded by the unmutated 

germline gene VhI 1. A number of mutant forms of R4AVh were produced, in 

all of which a number of charged residues were altered. These residues 

were in CDR2, FR 3, or CDR3. The germline and mutated sequences were 

transfected into heavy chain loss variants secreting the light chain of R4A. 

Antibodies produced were tested for DNA-binding affinity and for ability to 

deposit in the kidneys of SCID mice. It was found that DNA binding affinity 

could be altered by a single amino acid change, even if this was in FR 3. 

Although mutation of an arginine in CDR3 was found to reduce DNA binding 

and prevented renal sequestration, there were other sites at which a loss of 

positive charge enhanced binding or a loss of negative charge reduced 

binding. In fact, the mutant with highest dsDNA binding affinity was identical 

to R4A in the CDRs but had lost two arginine residues from FR3. Intriguingly, 

this high affinity anti-dsDNA mutant also gained the ability to bind PC and 

was deposited in renal tubules rather than glomeruli. These results show 

that charge interactions alone cannot explain antibody-DNA binding. They 

also call into question the supposition that concentration of mutations in 

CDRs is the hallmark of antigen driven clonal expansion. If FR residues can
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also alter antigen binding affinity dramatically, why should antigen not select 

mutations at these sites? In answer to this, one might cite the modelling and 

crystallography work which shows the primacy of CDR contacts in the 

antigen binding site and note that R4A is an antibody which has high affinity 

for dsDNA even though unmutated. Perhaps the CDRs in R 4A V h already 

have a near perfect sequence for binding DNA, and so only FR mutations 

would be likely to increase this affinity.

The murine anti-DNA antibody D42 and the anti-phosphorylcholine antibody 

6G6 are also derived from germline gene Vh11. The two antibodies differ at 

two sites in V hC D R s 1 and 2 due to replacement mutations in D42 (Eilat et al 

1988). D 42Vh has three arginines in CDR3 whereas 6 G 6 Vh has none. 

Pewzner-Jung et al (1996) transfected D42Vh, 6 G 6 Vh and sequences 

intermediate between them into heavy chain loss variants. They found that 

only transfection into loss variants secreting the D42 light chain produced 

anti-DNA and that this was only possible if the transfected DNA contained 

D 42Vh CDR3. The presence of the two replacement mutations was not 

essential but increased affinity for DNA.

Heavy chain loss variants have not been used to express whole human anti- 

DNA mAb. It has been very difficult to produce and maintain human 

hybridoma cells, particularly those secreting IgG (Ehrenstein et al 1993). 

Since loss variants form a very small proportion of the total hybridoma clone 

it may prove even more difficult to produce such lines for expression studies. 

In addition this method is not well suited to studying the effects of changes in 

the light chain. Some information can be deduced by transfecting the same 

heavy chain into variants secreting different light chains (Radie et al 1991, 

Pewzner-Jung et al 1996), but this does not allow for the design of point 

mutations in the light chain itself. Studies of the light chain may be more
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important in human anti-DNA mAb which (unlike murine ones) show no 

strong preference for use of particular Vh genes and in which somatic 

mutations in Vu may play a major role (Winkler et al 1990, Manheimer-Lory 

et al 1991, Ehrenstein et al 1994, Kaisi et al 1996).

An alternative to the use of heavy chain loss variants is to transfect both 

heavy and light chain vectors into a cell type which produces no 

immunoglobulin. Zack et al (1995) achieved transient expression of whole 

murine IgG anti-DNA antibodies in COS cells by ligating the entire V-G 

coding regions of the heavy and light chains of the mAb 3E10 into a 

mammalian expression vector. The yield of IgG was low (30-50ng/ml) but the 

antibody produced bound ssDNA and dsDNA. Replacement of either the 

heavy chain or light chain by those of a mouse antibody belonging to the 

same Vh family led to loss of DNA-binding affinity. Mutations in all CDRs of 

V h were found to alter affinity for DNA. In particular, loss of an arginine in 

CDR3 reduced affinity while gain of an asparagine in CDR1 increased it. 

These results are very reminiscent of those reported by Radio et al (1993), 

Katz et al (1994) and Pewzner-Jung et al (1996).

Irigoyen et al (1996) have co-transfected human Vl and mouse Vh into a 

non-productive mouse myeloma line to give stable expression of chimeric 

antibodies carrying the human lambda chain idiotype 8.12. In the 

supernatant of stable transfectants, this group were able to achieve 

antibody concentrations of up to 200ng/ml.

No group has previously demonstrated production of whole human IgG anti- 

DNA in an in vitro expression system. A major aim of the work described in 

this thesis was to achieve this goal. The ideal system for this purpose should 

have three features:
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1) It should allow cloning of human anti-DNA mAb variable region 

sequences into vectors providing the necessary promoter, leader and 

constant region sequences to enable expression of whole IgG.

2) It should allow for the study of mutations in both heavy and light chains.

3) It should allow either transient expression, for the rapid screening of 

binding properties of various VhA/l combinations, or stable expression for 

longer term studies of pathogenicity.

The system used in this thesis was originally developed by researchers at 

the MRC Collaborative Institute for the expression of ODR-grafted mouse- 

human antibodies. Having produced the appropriate desired CDR/FR 

construct, it is ligated into an expression vector which provides promoter, 

leader and constant region sequences. Different expression vectors are 

used for heavy, kappa, and lambda chains. This means that it is easy to 

create mutations in either Vh or Vl and to study each modified Vh in 

combination with a number of different Vl (and vice-versa). The vectors can 

be transfected into COS cells (a monkey kidney line) for transient expression 

or into Chinese Hamster Ovary cells for stable expression.

These methods have previously been used successfully to produce 

antibodies binding to the HIV envelope protein gp120 (Maeda et al 1991) 

and the human epidermal growth factor receptor (Kettleborough et al 1991, 

Kettleborough et al 1994). In the latter case, it was shown that point 

mutations in the transfected Vh or Vl sequences could alter the properties of 

the expressed antibodies in a way consistent with that predicted from 

molecular models of the structure.
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OBJECTIVES

1) To determine and analyse the sequences of the Vh and regions of four 

human IgG monoclonal APL which showed specific binding to PL

2) To determine and analyse the sequences of the Vh and Vx regions of a 

human IgG monoclonal anti-DNA antibody RH-14 which can cause 

proteinuria in association with deposition in the glomeruli of SCID mice.

3) To develop a system for expression of cloned variable region cDNA 

derived from human monoclonal anti-DNA mAb as whole IgG molecules in 

eukaryotic cells.

4) To use this system to investigate the effect on binding properties of 

exchanging the Vh and Vl regions of two human monoclonal anti-DNA 

antibodies.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

All chemicals used in this project were supplied by BDH, Poole, Dorset, UK 

with the following exceptions.

35SdATP - Amersham, Little Chalfont, Bucks, UK

Deoxynucleoside triphosphates (dNTP) - Promega,Southampton, 

Hampshire, UK

Phenol - Fisons, Loughborough, Leicestershire, UK 

RNAzol B - Cinna/Biotecx, Friendswood, Texas, USA

2.1.2 Plasmids and oligonucleotides 

Vector pGEM-T was supplied by Promega

Vectors pBCVHCASS4, pG ID I, pKNIOO and pLNIO were kind gifts from Dr 

C.A. Kettleborough, MRC Collaborative Unit, Mill Hill, London.

All oligonucleotide primers for use in the polymerase chain reaction (PCR) 

were supplied by Genosys, Cambridge, Cambridgeshire, UK

2.1.3 Bacterial strains

Competent Escherichia coli of strain JM109 were supplied by Promega.
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Escherichia coii of strain DH5a were supplied by Gibco, Paisley, UK

2.1.4 Eukaryotic cell lines

COS-7 cells were a gift from Mrs Alison Levy, MRC Collaborative Unit, Mill 

Hill, London,UK. They were originally derived from American Type Culture 

Collection, Ref No. CRL 1651.

The hybridoma lines LJ-1, AH-2, DA-3, UK-4 and RH-14 were all produced 

by Dr Sanjeev Menon and Dr Chelliah Ravirajan at the Centre for 

Rheumatology/Bloomsbury Rheumatology Unit, University College, London, 

UK. They were produced by fusion of PBL from patients with SLE with the 

mouse/human heteromyeloma line CB-F7. The characteristics of these 

patients are described in table 3.1 and the binding properties of the mAb LJ- 

1, AH-2, DA-3, UK-4 and RH-14 in table 3.2 (see chapter 3).

2.1.5 Enzvmes

All restriction enzymes, DNA modifying enzymes and RNase inhibitor were 

supplied by Promega with the following exceptions :-

Sfil - New England Biolabs (NEB), Beverley, Massachusetts, USA 

Tag polymerase - USB/ Amersham, Little Chalfont, Bucks, UK 

Sequenase version 2.0 (DNA polymerase) - USB Amersham 

DNase I - Boehringer, Mannheim, Germany

Moloney Murine Leukaemia Virus (MMLV) reverse transcriptase - Gibco
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2.1.6 Bacterial growth media

Luria-Bertani (LB) medium was made according to the following recipe 

for 11 medium

lOg Bacto-tryptone (Difco, Detroit, Michigan, USA)

5g Bacto-yeast extract (Difco) 

lOg NaCI

Where it was necessary to add antibiotic to this medium the final 

concentrations used were lOOpg/ml ampicillin or 50|ig/ml chloramphenicol. 

Antibiotics were kept as stock solutions at -20°C in light-tight containers. 

Ampicillin was stored at a concentration of 50mg/ml in sterile water and 

chloramphenicol at a concentration of 34mg/ml in ethanol.

To make plates for growth of bacteria, 6g agar were added to 400ml of LB 

medium. The resulting "LB agar" was autoclaved, allowed to cool to hand- 

heat, then poured into 10cm petri dishes and allowed to set. Concentrations 

of antibiotic added to these plates were SOpg/ml ampicillin or 50pg/ml 

chloramphenicol.

2.1.7 Materials for gel electrophoresis

Agarose and low melting point agarose were supplied by Boehringer.

Polyacrylamide gels for sequencing were prepared using gel concentrate 

and diluent supplied by Scotlab, Coatbridge, Strathclyde, UK. The recipe 

used to prepare 50ml gel solution was:-



107

38ml Diluent Solution

12ml Concentrate (containing 7M urea and acrylamide and bis-acrylamide 

in a ratio of 20:1)

220|il ammonium persulphate solution (made freshly as 230mg in 1ml 

sterile water)

30|il N,N,N',N' tetramethylethylenediamine (TEMED)

2.1.8 Growth media for COS-7 cells

A) Medium for maintenance of cells in culture was made up as follows

500ml Dulbecco's Modified Eagle Medium (Gibco)

55ml Fetal Bovine Serum (Gibco)

6ml L-glutamine (58/mg/ml) (Gibco)

3ml of a solution containing 10000units/ml penicillin and lOmg/ml 

streptomycin (Gibco)

B) Medium for incubation of cells after electroporation was made up as 

follows

%

500ml Dulbecco's Modified Eagle Medium 

25ml Ultra Low Ig Fetal Bovine Serum (Gibco)

6ml L-glutamine (as above)

3ml penicillin/streptomycin (as above)

2.1.9 Materials used in enzyme-linked immunosorbent assay (ELISA)

All IgG standards and goat anti-human IgG alkaline phosphatase conjugates 

were supplied by Sigma (Poole, Dorset, UK). Conjugates were supplied at a 

concentration of 3500 enzyme units per ml.
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Solutions of ssDNA and dsDNA were a kind gift from Dr CT. Ravirajan,

p nitrophenyl phosphate ( p NPP) substrate for development of a coloured 

phosphatase product was supplied by Sigma.

ELISA plates (Nunc Immunosorp) were supplied by Gibco.

The plate washer and plate reader were both supplied by Dynatech, St 

Albans, Hertfordshire, UK.

2.1.10 Buffers

The following buffers were used

a) lOxPCR Buffer - supplied by Promega 

500m M KCI

lOOmM Tris MCI (pH 9.0 at 25°C)

1% Triton X-100

b) DNA ligase buffer - supplied by Promega, Southampton , UK 

300mM Tris HCI

lOOmM MgCl2

lOOmM dithiothreitol (DTT)

5mM adenosine triphosphate (ATP)

c) Promega Buffer E - for restriction enzymes BamHI and Hindi!!

6mM Tris HCI (pH 7.5 at 25°C)

6mM MgCl2
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1Q0mM NaCI 

1mM DTT

d) New England Biolabs Buffer 2 - for restriction enzyme Sfil 

1GmM Tris HCI (pH 7.9 at 25°C)

10mM MgCl2 

50mM NaCI 

1mM DTT

lOOpg/ml Bovine Serum Albumin (BSA)

e) Sequenase 5x reaction buffer (supplied by USB/Amersham)

200mM Tris HCI (pH 7.5 at 25°C)

lOOmM MgCl2 

250mM NaCI

f) Tris EDTA (TE buffer)

1Q0mM Tris HCI 

50nnM EDTA

g) Tris Borate EDTA (TBE buffer)

TBE buffer was made up as a stock solution of ten times working strength by

dissolving components in sterile water as follows

108.9g/l Tris HCI

55.7g/l Boric acid

4.7g/l EDTA

The final concentrations after dilution to working strength were 45mM Tris- 

borate and 1mm EDTA.
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h) Tris Acetate EDTA (TAE buffer)

TAE buffer was made up as a stock solution of fifty times working strength by

dissolving components in sterile water as follows

242g/l Tris HCI

57mI/I glacial acetic acid

39.2g/l EDTA

The final concentrations after dilution to working strength were 40mM Tris 

acetate and 1mM EDTA.

i) Phosphate buffered saline (PBS) pH 7.4

The following components were added to 101 of sterile water 

800g NaCI 

20g KCI

114.8g Na2HP0 4 .2 H2 0  

20g KH 2 P O 4

To make PBS / 0.1%Tween , 10ml "Tween 20" detergent was added to 101 

PBS.

j) Bicarbonate buffer (pH 9.6)

To make 101, the following components were dissolved in sterile water 

Bg Na2C0 3  

15.5g NaHCOa

k) Sample enzyme conjugate (SEC) buffer for ELISA 

lOOmMTris HCI 

lOOmM NaCI 

0.02% Tween (v/v)
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2g/l BSA

I) Loading Buffer (for agarose gel electrophoresis)

The following components were added to 8.45ml autoclaved water 

25mg bromophenol blue 

25mg xylene cyanole 

1.5g Ficoll 400

2.1.11 Miscellaneous

Tissue culture flasks and dishes were supplied by Gibco.

The "Gene Puiser" electroporator, and disposable cuvettes for use with it 

were supplied by BioRad, Hemel Hempstead, Hertfordshire, UK.

Centriprep 30 concentrators were supplied by Amicon, Beverley, 

Massachusetts, USA.

2.2 Extraction of total RNA from hybridoma cells

This was accomplished by guanidinium thiocyanate extraction using RNAzol 

B according to the manufacturers’ instructions as follows

A suspension of approximately 10^ hybridoma cells was centrifuged for 10 

minutes at 2000rpm at 4°C. The pellet was resuspended in 20ml autoclaved 

PBS and centrifuged at 2000rpm at 4°C for five minutes. The supernatant 

was removed by aspiration and the cell pellet that remained was 

resuspended in 2ml RNAzol B. After mixing thoroughly, 1/10 volume of 

chloroform was added and the mixture left on ice for 15 minutes. This was
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then spun for 15 minutes at 13000rpm in a bench centrifuge and the upper 

aqueous layer, containing RNA, removed to a new tube. An equal volume of 

isopropanol was added to precipitate the RNA and the solution left overnight 

at -20°C. This was then spun at ISOOOrpm for 15 minutes to recover the 

RNA pellet which was washed with 70% ethanol in water containing 0.1% 

diethylpyrocarbonate (DEPC water) and dried in a 37°C oven. "Washing" in 

this context means that the pellet was resuspended in 70% ethanol, then 

reprecipitated by centrifugation at 13000rpm for 20-30 seconds after which 

the supernatant was discarded. The RNA was then dissolved in DEPC water 

and stored at -70°C.

2.3 Synthesis of cDNA from hybridoma total RNA

1 pi of stored RNA was used as a substrate for cDNA synthesis using 

random hexamer primers (Kawasaki 1990) and MMLV reverse transcriptase. 

The method used was as follows

A Ip l aliquot containing approximately Ip g  hybridoma total RNA was 

removed from storage and heated at 65°C for two minutes. To this was 

added 19pl of a reaction mixture containing the following ingredients

2pi lOxPCR Buffer

2pl 25mM MgCl2 (Promega)

2pi of a mixture of dATP, dCTP, dGTP and dTTP containing each dNTP at a

concentration of 25mM

Ip l random hexamers (0.9 OD units per pi)

0.5pl ribonuclease inhibitor (RNAsin)

0.5pl reverse transcriptase (200 units per pi)

11pl autoclaved water
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This was then incubated at 37°C for one hour and the cDNA produced used 

immediately as the substrate in a PCR.

2.4 Amplification of or cDNA by PCR

The purpose of this step was to amplify selectively cDNA encoding the 

variable regions of the mAb produced by the hybridoma from which RNA 

had been extracted. Due to the selectivity of the PCR primers used, no other 

cDNA would be amplified.

20pl cDNA were added to BOpI of a reaction mixture made up as follows

8|il lOxPCR buffer 

8|il 25mM IVIgClg

1|il of a mixture of dATP, dCTP, dGTP, and dTTP in which the concentration 

of each was 25mM

1|il forward primer (final concentration IpM)

[̂x\ back primer (final concentration IpM)

1|il Taq polymerase (5 units per pi)

6 Op I autoclaved water

The mixture was then spun briefly at 13000rpm and a layer of paraffin 

applied above it. PCR was carried out in a thermal cycler according to the 

following programme

Initial dénaturation at 94°C for 5 minutes
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Then 30-35 cycles as follows 

94°C for one minute

Annealing temperature for one minute (42°C for VhcDNA and 65°C for 

V;,cDNA)

72°C for one minute

Then a final elongation at 72°C for 8-10 minutes.

The presence of PCR product of the expected length (350-400bp) was 

confirmed by electrophoresis through a 1% low melting point agarose gel 

(see section 2.5).

The PCR primers used are shown in Table 2.1. The forward primer JL used 

to amplify regions binds to the 3’ terminus of which is relatively 

conserved between different genes (Hawkins et al 1994).The forward 

primer Cy used to amplify regions binds to a six codon stretch of the 

gamma constant gene about 20-30 base pairs from the J|_|Cy junction

(Stevenson et al 1993).

The back primers HL10, ML 20, and ML 30 used to amplify regions bind 

to the first nine codons of V;̂  genes belonging to the V;̂ 1, V;̂ 2, and VjJB 

families respectively (Hawkins et al 1994). Where the family to which the 

cDNA being amplified belonged was known, the appropriate family specific 

primer was used. Where it was not known, an equimolar mixture of all three 

primers HL10,20 and 30 was used instead.
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Table 2,1 PCR Primers Used in Amplification of mAb 

cDNA for Sequencing

HL 10 5’CAGTCTGTGTTGACGCAGCCGCCCTC3’

H L 20 5’CAGTCTGCCCTGACTCAGCCTGCCTC3’

HL 30 5TCCTATGAGCTGACTCAGCCACCCTC3’

J L 5’ACCTAGGACGGTCAGCTTGGTCCC3’

VH 9 5’CAGGTGCAGCTGGTGGAGTCTGG3’

VH 2 5’CAGGTGCAGCTGGTGCAGTGTG3’

VH 4 5’ATGAAACACCTGTGGTTCTT3’

VH 5 5’GAGGTGCAGCTGCTGCAGTCTG3’

Gy 5’GAGGGGGAAGAGGGATGG3’
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The back primer VH9 is designed to show homology to the first eight codons 

of the V|_| gene segments of families Vh 1, 3 and 4 (Watts et al 1992). The 

primers VH2, VH4, and VH5 bind specifically to the first seven codons of 

genes from families Vh2, Vh4 and Vh5 respectively.

Thus, by using primers VH2, VH4, VH5, and VH9 in separate reactions it 

was possible to amplify VhcDNA from any hybridoma, provided that it did not 

belong to one of the very small families Vh6 or Vh7.

2.5 Separation of DNA fragments bv agarose gel electrophoresis

Ig  agarose (or low melting point agarose) was added to 100ml TAE buffer 

and the solution was heated in a microwave oven till the agarose had 

dissolved. This was allowed to cool to hand heat and then 2pl of lOmg/ml 

ethidium bromide solution were added. The purpose of the ethidium 

bromide is to intercalate between bases in the DNA double helix, rendering 

DNA molecules fluorescent when viewed under ultra-violet light.

A gel tray was closed off at both ends with autoclave tape and the molten 

agarose solution poured into it. Air bubbles were removed and a plastic gel 

comb positioned so that its teeth created wells in the agarose as it solidified. 

When the gel had set, the autoclave tape and gel comb were removed and 

the tray was placed horizontally in an electrophoresis bath containing 800- 

1000ml TAE buffer supplemented with 200ng/ml ethidium bromide.

DNA samples were prepared for loading onto the gel by the addition of 

loading buffer. This dyes the sample so that its progress through the gel can 

be monitored and makes it dense so that it sinks to the bottom of the well.
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10-40|il samples containing 1-4pl loading buffer were loaded into each well. 

The gel was then subjected to a voltage of 100-120V for 45-90 minutes. The 

exact duration of the run was determined by monitoring passage of the dye 

through the gel.

The gel was then removed from the electrophoresis bath and observed 

under ultra-violet light. The sizes of bands in the gel were estimated by 

comparison with those produced by a series of molecular weight markers 

(Gibco) loaded into another well on the same gel. Photographs of gels were 

taken with a polaroid camera using Amersham film. Where it was necessary 

to reclaim DNA from the gel, the band in question was excised with a scalpel 

blade and stored at -20°G.

2.6 Purification of amplified or Vî cDNA from aaarose aels

PCR products were purified from agarose gel slices by adsorption to glass 

beads using the GeneClean II kit (Bio 101 Inc., La Jolla, California, USA) as 

follows :-

SOOpI sodium iodide was added to the gel slice which was then melted by 

heating in a 45-55°C waterbath for three minutes. lOpI glassmilk beads 

were added and the solution was left on a rotating mixer for one hour to 

allow DNA to become adsorbed to the beads. At the end of this time, the 

solution was centrifuged at ISOOOrpm and the supernatant was removed. 

The pellet of beads was washed three times in "New Wash" buffer provided 

in the kit. After the third wash, the pellet was dried in a 37°C oven then 

resuspended in lOpI autoclaved water. The suspension was incubated in a 

55°C water bath for 30 minutes to allow DNA to elute from the glassmilk 

beads into the water. After centrifugation at ISOOOrpm for 20-30 seconds, the
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supernatant (containing the DNA) was stored at -20°C and the pellet was 

discarded.

2.7 Ligation of amplified cDNA into the vector pGEM-T

The pGEM-T vector is a 3000bp plasmid used for the cloning of PCR 

products. The enzyme Taq polymerase tends to add a single 

deoxyadenosine residue to the 3' end of each strand of a PCR product. The 

insertion site of pGEM-T contains single 3' deoxythymosine overhangs on 

both sides. These can pair with the deoxyadenosines on the PCR product to 

allow efficient cloning regardless of the sequence of the PCR product itself. 

This method is known as TA cloning and does not rely on the presence of 

restriction sites at the ends of the insert.

PCR products were ligated into pGEM-T by incubating a reaction mixture 

containing the following components in a 15°C water bath for three hours. 

1|il pGEM-T vector 

1 |il ligase buffer 

Ip l DNA ligase

3pl PCR product, purified as in section 2.6 above 

4pl autoclaved water

The ligation product was used to transform competent JM109 cells 

(supplied by Promega) or DH5a cells rendered competent by the method 

described in section 2.8 below.
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2.8 Production of competent DH5a cells

DH5a cells were grown overnight in 10ml LB medium in a shaking incubator 

at 37°C. lOO^tl of this culture were then added to 100ml LB medium in a 

sterile flask which was returned to the shaking incubator for approximately 

three hours. The 100ml culture was removed from the incubator when it was 

just possible to see clouds of bacteria swirling in the medium. It was then 

divided between two 50ml plastic Falcon tubes which were centrifuged at 

SOOOrpm at 4°C for 10 minutes. The supernatant was discarded from each 

tube leaving a pellet of bacteria. 10ml ice cold lOOmM CaCl2.2H20 were 

added to each tube to resuspend the pellet. The tubes were again 

centrifuged at SOOOrpm at 4°C for 10 minutes and the supernatants 

discarded. Each pellet was resuspended in 2ml ice cold lOOmM 

CaCl2.2H20. These suspensions were used for transformation.

2.9 Transformation of competent Escherichia coli  w i t h  

recombinant pGEM-T vector

2-5|il recombinant vector were added to 50pl competent JM109 cells or to 

200)il competent DH5a cells and the cells were left on ice for 30 minutes. 

Following this, a heat shock was applied by incubation in a 45°C water bath 

for 90 seconds. The cells were returned to ice for two minutes then 

incubated in one ml LB medium for one hour at 37°C. The cell suspension 

was then centrifuged at 3000rpm for 10 minutes at room temperature and 

the cell pellet resuspended in approximately lOOp-l LB. This was then 

spread onto an LB agar plate containing SOpg/ml ampicillin. 30pl Xgal 

(20mg/ml) and 30pl isopropylthiogalactopyranoside (IPTG)(200mg/ml) were 

also spread onto the plate. The plates were left overnight at 37°C .
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The pGEM-T vector carries an ampicillin resistance gene whereas both 

JM109 and DH5a cells are ampicillin sensitive. Therefore only bacteria 

which had taken up the plasmid should produce colonies on the ampicillin- 

containing plates. pGEM-T also contains a p galactosidase gene. In the 

presence of IPTG, an inducer of this gene, p galactosidase enzyme is 

produced and digests the substrate Xgal to give a blue product. The p 

galactosidase gene, however, is inactivated by the introduction of foreign 

DNA at the insertion site of pGEM-T. Therefore, cells containing pGEM-T 

with no insert gave rise to blue colonies whereas cells which contained the 

plasmid with an insert gave white colonies after overnight incubation. In 

some cases, it was necessary to keep plates at 4°C for several days to 

facilitate growth and differentiation of white colonies from blue ones. It was 

found that the yield of white colonies containing amplified hybridoma cDNA 

inserted into the vector was high enough to avoid the need for screening by 

colony hybridisation. Such colonies were picked from the plate into 1ml LB 

cultures containing lOOpg/ml ampicillin. These cultures were kept in a 

shaking incubator at 37°C overnight. 0.5ml aliquots of the cultures produced 

were mixed with 0.5ml glycerol and stored at -70°G.

Each of these "glycerol stocks" potentially represented a clone containing 

the sequence of amplified cDNA encoding or V;^of the mAb produced by

the hybridoma from which RNA had originally been extracted.

2.10 Small scale extraction of cloned cDNA from E.Coli  fo r  

sequencing

lOpI of glycerol-stored bacterial culture were added to 5ml LB medium and 

grown overnight in a shaking incubator at 37°C. This was then spun at 

3000rpm at 4°C for 10 minutes and the pellet was dried by inversion.
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Double-stranded plasmid DNA was extracted from this cell pellet by alkaline 

lysis using a method based on that originally described by Birnboim and 

Doly (1979). The pellet was resuspended in 200|il of solution 1 (50mM 

TrisHCI pH 7.5, lOmM EDTA, and lOOpg/ml RNase A). 200|il of solution 2 

(0.2M NaOH, 1% SDS) were added and the suspension mixed by inversion. 

200|il of ice cold solution 3 (3M potassium acetate pH 4.8) were then added 

and the suspension mixed by vigorous shaking and left on ice for five 

minutes. This was then centrifuged at room temperature at 13000rpm for 10 

minutes. The supernatant containing plasmid DNA was removed to another 

tube and mixed with 1ml DNA purification resin (Promega). This mixture was 

loaded onto a DNA purification minicolumn (Promega) which was then 

washed with 2 ml of a solution containing lOOmM NaCI, 8.3mM Tris-HCI, 

2.5mM EDTA, and 50% ethanol. The wash solution was eluted from the 

column by centrifugation for 20 seconds at ISOOOrpm, and 50)xl TE buffer 

(pH 7.5) was loaded onto the column. This was left for 15 minutes at room 

temperature and the column was then spun again for 20 seconds at 

ISOOOrpm. The eluate was a purified solution of plasmid DNA and was 

stored at -20°G.

2.11 Sequencing of cloned variable region cDNA

Double-stranded recombinant plasmid DNA was denatured by adding 1/5 

volume of a solution of 2M NaOH, 2mM EDTA at room temperature for 15- 

30 minutes. 1/10 volume 3M sodium acetate (pH 5.2) and 1.5 volumes 100% 

ethanol were then added and the solution left at -70°C for 30-60 minutes. 

This was then centrifuged at ISOOOrpm at 4°C for 10 minutes and the DNA 

pellet produced was washed with 70% ethanol and dried in a 37°G oven. 

The dried denatured DNA was dissolved in 7|il autoclaved water.
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Sequencing was carried out by the dideoxynucieoside chain termination 

method (Sanger et al 1977) using the Sequenase Version 2.0 kit 

(USB/Amersham) according to the manufacturers instructions, as follows.

7|il denatured DNA in solution were added to 2[x\ 5x Reaction Buffer and 1|il 

of the appropriate sequencing primer in an eppendorf tube. The 

concentration of primer was IpM. The tube was incubated at 37°C for 15 

minutes to allow the primer to anneal to the denatured DNA. The primers 

used for sequencing were the T7 promoter and SP6 promoter which occur 

50bp 5’ and 70bp 3' to the inserted DNA respectively in the vector pGEM-T, 

or the original primers used in PCR amplification which bind to the two ends 

of the insert.

The annealed DNA was kept on ice for five minutes after which the following 

components were added

O.Spl 35SdATP

Ip l dithiothreitol (DTT)

2pl labelling mix containing 1.5pM deazadGTP and 1.5pM each of dOTP 

and dTTP

2pl Sequenase (DNA polymerase) diluted 1:7 in lOmM Tris HCI, 5mM DTT

This was followed by incubation at room temperature for two minutes. This 

enabled extension of the primers by addition of nucleotides by the 

polymerase enzyme. The chain was radiolabelled as a result of the 

incorporation of ^ssdATP.

3 .3p l of the reaction mixture were then transferred to each of four 

"termination" tubes marked A,C,G and T. Each tube contained 2.5pl of a
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different dideoxyNTP (ddNTP) at a concentration of 8|iM. Thus tube A 

contained ddATP, tube G ddGTP and so on. Each tube also contained all 

four dNTP at a concentration of 80|iM each. The tubes were incubated in a 

49°C water bath for five minutes after which all further DNA synthesis was 

stopped by addition of a solution containing 95% formamide, 20mM EDTA, 

0.05% bromophenol blue and 0.05% xylene cyanole. As incorporation of a 

ddNTP molecule does not allow further extension of the DNA chain, each of 

these termination tubes contained a number of species of DNA of different 

lengths. In tube A all the DNA molecules ended with ddATP, in tube G with 

ddGTP and so on. Thus by comparing the lengths of the molecules present 

in each tube by electrophoresis through a polyacrylamide gel it was possible 

to determine the relative positions of A,C,G and T in the sequence of the 

DNA inserted in the plasmid.

2.12 Direct sequencing of PCR products in agarose gel slices

In some cases the sequence of Vh or cDNA was confirmed using a 

slightly different method in which PCR products in agarose gel slices were 

annealed directly to primer (Khorana et al 1991) without being cloned into 

the pGEM-T vector. The method was exactly the same as in section 2.11 

except that instead of adding purified denatured DNA to primer and 5x 

reaction buffer, 7\i\ of melted agarose gel slice were added instead. Under 

such circumstances the original primers used in PCR were also used for 

sequencing rather than the SP6 and T7 promoters.

2.13 Polvacrvlamide gel electrophoresis

50ml of gel solution was prepared as described in section 2.1.7. The 

solution was drawn between two large glass plates by capillary action. The
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plates were separated by thin plastic spacers along each long edge and by 

a thin plastic gel comb at the top. Thus, when the solution solidified it 

produced a thin polyacrylamide gel between the plates. The gel comb was 

used to pierce the gel at the top, creating 24 wells. The plates were placed 

vertically in an electrophoresis bath containing 11 of TBE buffer. Samples 

from sequencing reactions (as described above) were heated to 75°C for 

two minutes, then loaded in the wells The A,C,G and T samples from a 

single reaction were loaded in that order in adjacent wells. Thus samples 

from six reactions could be loaded on each gel.

Current was passed through the gel at a power of 35W for 2-3 hours. The 

gel was then transferred to 3MM Whatman chromatography paper and dried 

in a vacuum drier. It was then placed in a light-tight film cassette with a large 

sheet of Kodak autoradiography film . Exposure of film to the gel was for 1-5 

days before developing the film and reading the sequence as a pattern of 

dark bands upon it. Each band represents a DNA chain of a different length.

V,D, and J region sequences were analysed and aligned to homologous 

germline genes by reference to the V BASE sequence directory (Tomlinson 

et al 1996) and the EMBL (European Molecular Biology Laboratory) 

database (Hinxton, Cambridgeshire, UK).

2.14 Expression of cloned Vh and sequences in the form of 

whole antibodies

Three mAb, WRI176, B3 and UK-4 were selected for expression in this 

system. The reasons for this are detailed in section 4.1. For all three of these 

mAb, bacteria containing Vh and Vl cDNA had previously been stored in 

glycerol stocks at -70°C. This stored cDNA did not contain splice sites or
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leader sequences which would allow secretion from mammalian cells. 

These elements therefore had to be added before ligation into the 

expression vector containing constant region DNA. This was accomplished 

by PCR amplification and ligation into an intermediate vector as described 

below.

2.15 PCR amplification of stored or V^cDNA

pGEM-T vector containing cloned or cDNA was extracted from

glycerol-stored bacteria as described in section 2.10. The plasmid DNA 

eluted in TE buffer was not denatured but was reprecipitated using sodium 

acetate and ethanol as described in section 2.11. After washing with 70% 

ethanol and drying the pellet the DNA was resuspended in 20|il autoclaved 

water and used as the substrate in PCR amplification. The conditions for 

PCR were exactly the same as those described in section 2.4 except that an 

annealing temperature of 42°C was used in all reactions and that different 

primers were employed. These primers are shown in table 2.2.

These PCR primers were designed to add particular sequence features to 

the V region cDNA at both ends. Different restriction sites added at the 5' 

and 3' ends allowed ligation into vector pBCVHCASS4 while a splice donor 

site added at the 3' end was necessary to define the beginning of an intron 

(see section 2.19). Design was based on that of primers previously used at 

the MRC Collaborative Centre (C.A. Kettleborough, personal 

communication).

The back primer WRI176 ROM and forward primer WRI176 MAR were 

designed to amplify and extend cDNA of WRI176. WRI176 ROM includes 

a site for the enzyme Sfil (GGCCNNNNNGGCC) followed by a spacer of 5-6
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Table 2.2 PCR Primers Used in Expression System

1) WRI176 ROM

5TGCTCGCCGTGGCCCCTGGGGCCCACAGCCAGGTGCAGCTGGTGCAGT3*

2) WR1176 MAR

5'TTGGATCCACTCAC::CTGAAGAGACGGTGAC3'

3) WRM76 BACK

5’ GGCTCGGCCACTGAGGCCCACAGCGAAATAGTGATGACCCAGTCT3’

4) WRI176 FOR

5’GTGGAICCACTCAC::GTCGTTTAATCTCCAG3’

5) V3-23 BACK

5’ GGCTCGGCCACTGAGGCCCACAGCGAGGTGCAGCTGGTGGAGTCT3'

6) JH4b FOR

5'TTGGATCCACTCAC::CTGAGGAGACGGTGACCAG3'

7) DPL 11 BACK

5' GGCTCGGCCACTGAGGCCCACAGCTCTGCCCTGACTCAGCCTGCC3*

8) JX2 FOR

5’GTGGATCCACTCAC::CTAGGACGGTCAGCTT3’

Notes

Restriction sites are underlined 

:: shows the position of the splice site
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nucleotides and then the first six codons of the cDNA to be amplified. The 

enzyme site was bounded at the 5’ end by a 10bp “cap” designed to 

enhance its stability in the PCR product. WRI176 MAR contains a BamHI site 

(GGATCG) followed by a splice donor site followed by the 5’ end of the DNA 

strand complementary to the last six codons of the cDNA.

The other forward and back primers were designed to include similar 

elements in the same order. WRI176 BACK and FOR amplify WRI176 V^. V3-

23 BACK and JH4b FOR amplify cDNA for B3 or UK 4 Vh- DPL 11 BACK and 

J?i2 FOR amplify cDNA for B3 or UK 4 V;̂ . These primers were designed 

some time after those for WR1176 and included longer regions of 

homology to cDNA and a shorter cap in the back primers.

Successful PCR was confirmed by agarose gel electrophoresis and 

detection of a bright band at 350-400bp as described in section 2.5.

2.16 Digestion with Sfil and BamHI

In the case of WRI176 Vh , the PCR product was purified from the agarose 

gel and cloned into pGEM-T vector as described in sections 2.6, 2.7 and 2.9. 

Recombinant pGEM-T was extracted from E.coli as described in section 2.10 

and digested with Sfil and BamHI The reaction mixture for the digest was 

made up as follows

Plasmid DNA 19pl

Autoclaved water 15pl

10x NEB Buffer 2 4|il

Sfil 2^1
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This was incubated at 50°C for 90 minutes after which 4.7^1 of 1M NaCI and 

2111 BamHI were added. The mixture was then incubated at 37°C for one 

hour and a 10^1 aliquot analysed by running on a 1% agarose gel with 

appropriate molecular weight markers. The presence of a band at 350- 

400bp confirmed that the restriction sites had been successfully 

incorporated by PCR and that digestion at these sites had occurred. Sfil and 

BamHI sites are absent from pGEM-T and from any of the cDNA sequences 

expressed in this project.

This method was rather laborious, primarily due to the time taken to ligate 

the PCR product into pGEM-T, to select colonies containing recombinant 

plasmid, and then to extract this plasmid. An alternative to ligating the PCR 

product into pGEM-T is direct digestion of the product itself. This method 

was employed for digestion of the PCR products of WRIITeV^, B3 Vh and V;̂ . 

UK-4 Vh and V^. The reaction mixture in the digest contained exactly the 

same constituents described above except that plasmid DNA was replaced 

by 19|il of the PCR product extracted from the reaction mixture with phenol 

and chloroform as described below.

2.17 Phenol/ chloroform extraction of DNA

This method was used to extract PCR products or fragments produced by 

restriction digest from reaction mixtures. It was found to be superior to the 

GeneClean method described in section 2.6 for producing DNA fragments 

which could be ligated into restriction sites.

The volume of the reaction mixture containing the desired DNA was made 

up to 100|il with autoclaved water. lOOpI of phenol were mixed with this by 

vortexing. The mixture was centrifuged at 13000rpm at room temperature for
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five minutes after which the upper, aqueous layer was removed to a new 

eppendorf tube. 50 l̂I phenol and 50pl chloroform (containing 4% v/v isoamyl 

alcohol) were added. Again, the mixture was vortexed, centrifuged for five 

minutes at 13000rpm and the upper layer was removed to a new tube. 100pi 

chloroform (containing 4% v/v isoamyl alcohol) were added and the same 

procedure of mixing, centrifugation and removal of the aqueous layer was 

repeated. DNA from this layer was then reprecipitated with sodium acetate 

and ethanol and washed with 70% ethanol, as described in section 2.11. 

After drying at 37°C, the DNA pellet was resuspended in 2Op I autoclaved 

water.

2.18 Cloning into the intermediate vector pBCVHCASS4

The purpose of this step was to ensure that the expressed heavy and light 

chains would contain functional leader peptides at their amino termini. The 

intermediate vector pBCVHCASS4 is shown in figure 2.1. This plasmid 

contains unique sites for Sfil, BamHI and Hindi!! and a chloramphenicol 

resistance gene. Most importantly, it contains a mammalian Ig leader 

sequence which precedes the Sfil site such that it is translated in phase with 

any DNA inserted at that site. When pBCVHCASS4 was digested with Sfil 

and BamHI (by the method described in section 2.16), the cohesive ends 

produced could be used to ligate an Sfil/BamHI fragment containing PCR 

amplified V|_| or V|_ into this vector. Digested pBGVHGASS4 was purified by 

phenol/chloroform extraction, then used in a ligation reaction containing the 

following components

Ip l digested pBGVHGASS4

Ip l digested PGR product (derived by digestion of recombinant pGEM-T or 

of phenol-chloroform extract of PGR mix)
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1 1̂ sterile water 

1 |il T4 DNA ligase 

1 \i\ ligase buffer

This reaction mixture was incubated at 15°C for three hours and then used 

to transform competent E.coli as described in section 2.9. The transformed 

cells were spread onto LB agar plates containing 50|ig/ml chloramphenicol. 

Colonies produced were grown overnight in 1ml LB medium containing 

50|ig/m l chloramphenicol. Glycerol stocks were made from these 1 ml 

cultures.

Plasmid DNA was extracted from these chloramphenicol resistant clones by 

the method described in section 2.10 and digested with Hindlll and BamHI. 

The reaction mixture was made up as follows

20p,l plasmid DNA 

4|il lOx Promega Buffer E 

12[x\ autoclaved water 

2m-I BamHI 

2^il Hindlll

This was incubated at 37°C for one hour and the products assessed by 

electrophoresis of a lOfil aliquot through a 1% agarose gel. The presence 

of a band at 400-450bp confirmed incorporation of variable region cDNA 

into pBCVHCASS4. Digested DNA from clones which gave this result was 

extracted with phenol and chloroform and ligated into the appropriate 

expression vector.
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Figure 2.1 Intermediate Vector pBCVHCASS4
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Figure 2.2 Expression Vector pG1 D1
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Figure 2.3 Expression Vector pKNI 00
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Figure 2.4  Expression Vector pLNI 0
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2.19 Cloning into expression vectors

Three different expression vectors were used. These vectors, pG1D1, 

pKNIOO and pLN10 are shown in figures 2.2, 2.3 and 2.4 respectively. Each 

of these vectors contains an ampicillin resistance gene, a human 

cytomegalovirus (HCMV) promoter and an SV40 origin of replication. They 

also contain selectable genes (for dihydrofolate reductase or for neomycin 

resistance) which enable them to be used for stable expression in 

eukaryotic cells. The three vectors differ in possession of different constant 

region sequences. pG1D1 contains human Gy DNA, pKNIOO human Ck 

DNA and pLN10 human G;^DNA. Thus each of the Vh, V^or V^ sequences 

that had been cloned into pBGVHGASS4 could be transferred into a vector 

encoding the appropriate constant region. In each vector, the constant 

region cDNA contains a splice acceptor site at its 5’ end and a termination 

codon at the 3' end. Since the variable region DNA is engineered to include 

a 3’ splice donor site, a eukaryotic cell treats the DNA between the variable 

and constant regions as an intron. This sequence is spliced out of the mRNA 

transcribed from the HGMV promoter so that the peptide expressed contains 

only the leader, variable and constant region sequences in that order.

Expression vector was diluted eightfold in autoclaved water, then digested 

with Hindlll and BamHi by the method described in section 2.18. This 

dilution was found to be optimal for achieving complete digestion of the 

plasmid DNA at both sites while retaining a high enough concentration of 

plasmid to allow efficient ligation. Digested expression vector and digested 

pBGVHGASS4 containing inserted V region sequence were purified by 

phenol/chloroform extraction then added to a ligation mixture as follows
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1pl digested expression vector 

1pi digested pBCVHCASS4 

1 |il autoclaved water 

1|il T4 DNA ligase 

1pl ligase buffer

This reaction mixture was incubated at 15°C for three hours and then used 

to transform competent E.coli as described in section 2.9. The transformed 

cells were spread onto LB agar plates containing SOpg/ml ampicillin. Cells 

containing uncut or religated pBCVHCASS4 would not grow on this medium 

due to lack of an ampicillin resistance gene. Thus the only colonies 

produced contained either uncut or religated expression vector or 

expression vector into which V region cDNA had been inserted. To 

distinguish these products, ampicillin resistant colonies were picked into 

5ml LB medium containing lOOpg/ml ampicillin and these cultures were 

grown overnight. Plasmid DNA was extracted from the cultures by the 

method described in section 2.10 and digested with Hindlll and BamHi. A 

10|il aliquot of the digest produced from each culture was analysed by 

electrophoresis through a 1% agarose gel. The presence of a band at 400- 

450bp indicated the presence of cloned V region DNA within the expression 

vector. Colonies which gave such a band were used to make glycerol 

stocks.

2.20 Sequencing of inserts in the expression vectors

Before using the recombinant expression vectors (i.e expression vectors 

containing cloned V region DNA) for transfection into eukaryotic cells it was 

necessary to confirm the sequences of the inserts within them. This was 

necessary to ensure that no sequence errors had been introduced by PCR
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amplification or during the series of digests and ligations. Sequencing and 

polyacrylamide gel electrophoresis were carried out by exactly the same 

methods described in sections 2.11 and 2.13. The primers used were the 

original primers used for PCR (see table 2.2) or primers which bind to the 

expression vectors pG1D1, pKNIOO or pLN10 at distances of 30-110bp from 

either end of the insert. Use of these primers enabled the sequences of the 

ends of the inserts to be checked. These primers are shown in table 2.3. 

They were all designed and named by C.A. Kettleborough et al (personal 

communication).

2.21 Extraction of plasmid DNA for transfection into eukaryotic 

cells

The method described in section 2.10 did not produce plasmid DNA in 

sufficient yield for use in transfection expreriments. To produce larger 

amounts of pure recombinant expression vectors, materials produced by 

QIAGEN ( Crawley, Sussex, UK) were used as follows

A glycerol stock containing the required plasmid was used to inoculate 

100ml LB medium containing 100p.g/ml ampicillin. This was kept overnight 

at 37°C in a shaking incubator. The bacterial culture was then divided 

between two 50ml Falcon tubes and centrifuged at 3000rpm at 4°C for 10 

minutes. The supernatant from each tube was discarded and the remaining 

pellet resuspended in 2ml of PI (50mM TrisHCI pH 7.5, lOmM EDTA, and 

lOOjjg/ml RNase A) solution. The suspensions from the two tubes were 

pooled and 4ml of P2 (0.2M NaOH, 1% SDS) solution were added. After 

mixing, and incubation at room temperature for five minutes, 4ml ice cold P3 

(3M potassium acetate pH 4.8) solution were added. The mixture was kept 

on ice for 15 minutes, then centrifuged at 3660rpm for 30 minutes.
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Table 2.3 Primers Used in Sequencing of inserts 

in Expression Vectors

HUG1 5TTGGAGGAGGGTGCCAG3’

(binds to pG1D1 90bp 3' of insert)

NEO A 5’CTCCATAGAAGACACCG3’

(binds to pG1D1 and to pLN10 30bp 5' of insert)

DONOR 5’CAAAGTTCTGCCCTTGG3’

(binds to pLNtO 80bp 3' of insert)

HCMV1 5’GACTAACAGACTGTTCC3’

(binds to pKNIOO 50bp 5' of insert)

HUCK 5’CTCATCAGATGGCGGGA3’

(binds to pKNtOO 110bp 3' of insert)
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The supernatant from the tube (containing the DNA) was then loaded onto a 

QIAGEN "tip" containing a DNA-binding resin. It was allowed to pass through 

the tip so that the DNA remained attached to the resin but all other 

components of the mixture ran through. The DNA was washed twice by 

passing 10ml of QC solution through the tip. It was then eluted into a 

disposable plastic ultracentrifuge tube with 5ml of OF solution. This eluate 

was mixed with 3.5ml isopropanol and centrifuged at 15000rpm at 4°C for 

30 minutes. The supernatant was discarded and the pellet of DNA which 

remained was resuspended in 5ml ice-cold 70% ethanol and centrifuged at 

15000rpm at 4°C for 15 minutes. The supernatant was discarded and the 

pellet was dried in a vacuum drier. It was then resuspended in lOOpI 

autoclaved water.

The concentration of this purified DNA was then estimated by digesting a 

10|il aliquot with Hindlll and BamHi and running the product on an agarose 

gel containing ethidium bromide (as described in section 2.5). The bands 

produced were compared with those of molecular weight markers of known 

concentration run on the same gel. Relative brightness of the bands could 

be used to estimate the amount of DNA in each.

Having estimated the DNA concentration of the purified sample by this 

method, it was mixed with sodium acetate and ethanol to reprecipitate the 

DNA, as described in section 2.11. The DNA pellet was washed with 70% 

ethanol and dried, then resuspended in a volume of autoclaved water 

sufficient to give a final concentration of either 2pg/ml (in early experiments) 

or 5pg/ml DNA (in later experiments where higher quantities of DNA were 

used routinely in transfection). These DNA preparations were stored at 

-20°C till required for transfection.
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2.22 Maintenance of COS-7 cells in culture

COS-7 cells are immortal monkey kidney cells which express the T antigen 

of the human polyoma virus SV40 constitutively. The I  antigen binds to the 

SV40 origin to stimulate replication. Any plasmid containing the SV40 origin 

(which is not normally present in these cells) will be replicated actively in 

0 0 8 -7  cells and achieve a high copy number. Thus, the transfection of 

recombinant vectors pG1D1, pKNIOO and pLN10 into COS-7 cells was ideal 

for achieving efficient transient expression of heavy and light chains.

COS-7 cells were grown in Growth Medium A (section 2.1.8) in BOcm^ or 

175cm2 tissue culture flasks. All manipulations of these cells were carried 

out in a sterile tissue culture hood. Buffers and solutions used for these 

manipulations were kept in the tissue culture laboratory and were not used 

for any other purpose. COS-7 cells could be maintained in continuous 

culture for several months by changing the growth medium twice a week as 

follows :-

A tissue culture flask containing COS-7 cells was removed from the 

incubator. The old medium was removed by aspiration and COS-7 cells 

adherent to the floor of the flask were washed by adding 8ml autoclaved 

PBS. The PBS was removed by aspiration and 12ml trypsin (at a 

concentration of 10% in versene) were added. The flask was shaken gently 

for 20 seconds so that the trypsin came into contact with all the cells. The 

trypsin was removed by aspiration and the flask incubated in a 37°C oven 

for five minutes. At the end of this time the cells had become detached from 

the floor of the flask and were resuspended in 10ml of Medium A which had 

been warmed to 37°C. This was split between three new flasks, to each of 

which 12ml (for a 80cm^ flask) or 25ml warm Medium A (for a 175cm^ flask)
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were added. The flasks were then placed horizontally in a 37°C incubator in 

which the concentration of CO2 was 5%.

2.23 Transfection of recombinant expression vector into COS-7 

cells

Five 1 7 5 c i t i 2 flasks containing COS-7 cells were prepared as described 

above. 24 hours later these flasks were removed from the incubator, and the 

cells were washed with PBS and trypsinized. Cells in each flask were 

resuspended in 10ml warm Medium A and all the cells were then pooled in 

a sterile 50ml Falcon tube. The cells were then centrifuged at lOOOrpm at 

room temperature for five minutes. The supernatant was discarded and the 

pellet of COS-7 cells resuspended in 20ml autoclaved PBS. A lOOpI aliquot 

of this suspension was examined using a haemocytometer to estimate the 

total number of cells in the suspension. This was typically 4-6 x 10^. The 

remainder of the suspension was again centrifuged at 10OOrpm at room 

temperature for five minutes. The supernatant was removed by aspiration 

and the cell pellet resuspended in enough PBS to give a final concentration 

of 10^ cells per ml.

Recombinant expression vector DNA was removed from storage at -20°C 

and thawed at room temperature. A small amount of recombinant pG ID I 

containing the heavy chain to be tested (typically between 10 and 25pg) was 

placed in the bottom of a disposable electroporation cuvette. An equal 

amount of pKNIOO (or pLNIO) containing the light chain to be combined 

with this heavy chain was added to the cuvette. 700pl of the COS-7 cell 

suspension was added and the cuvette was placed in a "Gene Puiser" 

electroporator. A pulse of charge at 1.9kV and 25pF was applied. This was
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then repeated for cuvettes containing all the other heavy/light combinations 

that were to be tested.

The cuvettes were allowed to stand at room temperature for ten minutes. 

Then the contents of the first cuvette were transferred to a 10cm tissue 

culture dish containing 8ml Growth Medium B (see section 2.1.8) which had 

been warmed to 37°C. The dish was then placed in the 37°G, 5%C02 

incubator for 72 hours. The contents of the other cuvettes were treated in 

exactly the same way. Growth Medium B contains a special preparation of 

fetal bovine serum with a very low concentration of IgG. Thus, any IgG 

detected in the medium at the end of 72 hours is highly likely to have been 

secreted by the COS-7 cells as a result of expression of the transfected Ig 

genes. To prove this, a negative control was included in each transfection 

experiment. This consisted of a cuvette in which 700pl COS-7 cells were 

electroporated without the addition of any plasmid DNA.

After the 72 hour incubation the medium from each dish was tipped carefully 

into a separate sterile 15ml Falcon tube. The tubes were centrifuged at 

1200rpm at room temperature for five minutes to remove cell debris. The 

supernatant was removed from each tube and treated with a few pi of 

sodium azide solution to prevent colonization by micro-organisms. These 

supernatants were stored at 4°C for testing by ELISA.

2.24 DNase digestion of COS-7 cell supernatant

In some cases, a comparison was made between properties of the 

supernatant before and after digestion with DNase I. After centrifuging to 

remove cell debris, the COS-7 cell supernatant was divided into two halves. 

30 units DNase I were added to each half of the sample, in one half of the
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supernatant (the "inactivated DNase" sample) the enzyme was inactivated 

immediately by adding EDTA to a final concentration of 15mM. In the other 

half (the "active DNase" sample) the enzyme remained active during 

incubation for 1 hour at 37°C before the EDTA was added. The only 

difference between the two samples, therefore, was that digestion of DNA 

occurred in one but not the other. Both samples were treated with sodium 

azide and stored as described above.

2.25 Detection of whole IgG m olecules in COS-7 cell 

supernatants by ELISA

A 96 well ELISA plate was marked vertically to divide it into two halves. The 

36 wells at the edge of the plate were not used. Descriptions of the "plate" 

henceforth refer to the inner sixty wells only. Goat-anti-human IgG (Fc 

fragment specific) was dissolved in bicarbonate buffer to make a 400ng/ml 

solution. 100|il of this solution were added to each well in the left half of the 

plate (the test half). 10OpI of bicarbonate buffer alone were added to the 

wells in the right half of the plate (the control half). The plate was incubated 

overnight at 4°C. The plate was washed three times with PBS/0.1 % Tween 

and 200|il PBS containing 2% BSA was added to each well. This was to 

block non-specific binding of Ig to the plastic. The plates were incubated for 

one hour at 37°C then washed three times with PBS/0.1% Tween.

COS-7 cell supernatants were diluted serially in SEC buffer and loaded onto 

the plate such that for each well in the test half there was a well in the control 

half containing the same supernatant at the same dilution. Human IgGK or 

IgGX of known concentration (usually either 100ng/ml or 500ng/ml) were 

diluted serially and loaded in the same way to allow the construction of a 

standard curve relating optical density (CD) to Ig concentration. After
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loading the samples, the plates were incubated at 37°C for one hour and 

washed three times with PBS/0.1% Tween. IOOp.1 of goat anti-human kappa 

or goat anti-human lambda alkaline phosphatase conjugate (depending on 

the light chain to be detected) were added to each well. These conjugates 

were diluted 2500-fold in SEC buffer before use.

After a further one hour incubation at 37°C the plates were washed three 

times with PBS/0.1% Tween then once with bicarbonate buffer. p N P P  

substrate tablets were dissolved in bicarbonate buffer supplemented with 

2mM MgCl2 . Two tablets were dissolved per 10ml buffer. lOOpI of this 

substrate solution were added to each well of the plate and the plates were 

incubated at 37°C till development of a yellow colour. This usually required 

30-60 minutes. The results were read as optical density (OD) at 405nm 

using an ELISA reader. For each dilution of each supernatant the result was 

calculated as the difference between the OD in the test well and that in the 

control well. This ensured that only conjugate bound directly to IgG in that 

supernatant, which had itself been captured by goat anti-human Fc on the 

plate, would contribute to the result.

2.26 Detection of anti-DNA activity in COS-7 cell supernatants

COS-7 cell supernatants were concentrated before being tested for DNA- 

binding activity. This was accomplished by using Centriprep 30 

concentrators according to the manufacturers' instructions. This simply 

involved loading the supernatant into the disposable concentrator and 

centrifuging at lOOOrpm till the required reduction in volume was achieved. 

DNA was retained on a filter within the concentrator so that it could be 

resuspended in this reduced volume. Approximately threefold concentration 

was obtained.
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The inner 60 wells of a 96 well ELISA plate were coated with 100ml poly-L- 

lysine (50|ig/ml) and incubated for 1 hour at 37°C. After washing twice with 

PBS, wells in one half of the plate (the test half) were coated with lOO^il of 

either ssDNA (10|ig/ml ) or dsDNA (20|ig/ml). Wells in the other half (the 

control half) were coated with distilled water. The plate was incubated 

overnight at 4°C . This allowed DNA to bind to the positively charged poly-L- 

lysine on the plate which was then washed twice with PBS. lOOpI poly-L- 

glutamate (lOO^ig/ml ) was added to each well to neutralize the effect of 

poly-L-lysine. This was designed to reduce non-specific binding of Ig.

After 1 hour at 37°C the plates were washed twice with PBS/0.1% Tween 

and 200|il of a solution of 2% powdered milk (Tesco) in PBS was added to 

each well. This was to block non-specific binding to plastic. Samples of 

COS-7 cell supernatants were diluted in SEC buffer to produce 

concentrations of 15%, 20%, 30%, 40%, 60% and 80%. Each concentration 

of each supernatant was loaded in two wells on the plate, one in the test half 

and one in the control half. A human mAb (RH-14) known to bind both 

ssDNA and dsDNA was loaded as a positive control. The total volume of 

sample in each well was lOOpl.

After loading the samples the plate was incubated for one hour at 37°C then 

washed four times with PBS/0.1 % Tween. Goat anti-human IgG alkaline 

phosphatase conjugate was diluted 1000 fold in SEC and 100|il of this 

solution were added to each well. After one hour at 37°C, the plate was 

washed five times with PBS/0.1% Tween and once with bicarbonate buffer. 

Addition of substrate, incubation and optical density measurements were 

carried out as described in section 2.24.
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CHAPTER 3

RESULTS OF SEQUENCE ANALYSIS OF 
FIVE HUMAN IgG MONOCLONAL 
ANTIBODIES

3.1 Patients from whose lymphocytes the mAb were derived

mAb LJ-1 was derived from PBL of a 44 year old Caucasian lady, A.C. mAb 

AH-2 and DA-3 were both derived from a single blood sample taken from a 

31 year old Asian lady, L.C. mAb UK-4 and RH-14 were derived from a 

single blood sample taken from a 49 year old Asian lady, D.H. All of these 

patients had SLE with some features suggestive of APS and had either APL 

or LA in their blood. The relevant clinical and serological features of these 

patients are shown in table 3.1.

The features of the patients from whom WRI176 and B3 (the mAb from which 

cDNA was expressed in the eukaryotic expression system) were derived 

are also included in table 3.1. WRI176 was derived from splenocytes of a 30 

year old Caucasian lady , N.W. and 83 from PBL of a 59 year old Caucasian 

lady, K.H.

3.2 Binding properties of these mAb

The isotypes and binding properties of these mAb were determined in 

ELISA assays by Dr Sanjeev Menon and Dr Chelliah Ravirajan (Menon et al 

1997, Ravirajan et al in press). LJ-1 and DA-3 were lgG3^ antibodies. AH-2, 

UK-4 and RH-14 were IgG 11.The binding properties of these five mAb are 

summarized in table 3.2. All four monoclonal APL bound negatively charged
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Table 3.1 Clinical and Serological Features of Patients from  

whom mAb were derived

Feature A.C. LC. D.H. N.W. K.H.

Rash + + - + +
Arthritis + + + + +
CNS - + + + -
Serositis + + + - -
Renal - + + + -
Thrombocytopaenia - - - + -
History of thrombosis - - - + -
Miscarriages + - - + -
Migraines + + + +

ANA + + + + +
Anti-dsDNA + + + + +
IgG ACL + - + + -
IgM ACL - - - - -
LA - + - 4- -
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Table 3.2 Binding Properties of mAb LJ-1. AH-2. DA-3. UK-4 and 
RH-14

Antigen LJ-1 AH-2 DA-3 UK-4 RH-14

CL 4- 4- 4- +

PS -H 4- + 4- NT

PC - - - - NT

PI 4- 4- 4- 4- NT

PG -H 4- + + NT

PE - - - - NT

ANA +

ssDNA +

dsDNA 4-

Histones 4- - 4- - 4-

Abbreviations

PS = phosphatidylserine

PC = phosphatidylcholine

PI = phosphatidylinositol

PG = phosphatidylglycerol

PE = phosphatidylethanolamine

ANA = anti-nuclear activity (on Hep 2 cells)

NT = not tested
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(PS, PI, PG and CL) but not neutral (PC and PE) phospholipids. However, 

none of them showed ANA or anti-dsDNA activity. P2GPI did not enhance 

binding of any of these four APL to PL.

RH-14 showed binding to ssDNA and dsDNA. As noted in section 1.2.8 this 

mAb deposits in the glomeruli of SCID mice, giving proteinuria and a 

histological picture similar to that of early lupus nephritis when viewed by 

electron microscopy (Ravirajan et al, in press).

3.3 PCR amplification of and Vi  from these five mAb

Using the primers described in section 2.4 and table 2.1, it was possible to 

amplify V% cDNA from all five mAb and Vh cDNA from all except LJ-1. LJ-1 

V h could not be amplified despite repeated attempts with variations in the 

reaction conditions (such as annealing temperature and magnesium 

concentration). AH-2 and DA-3 Vh could be amplified using the VH5 back 

primer but not the VH2, VH4, or VH9 primers. UK-4 and RH-14 Vh could be 

amplified using the VH9 back primer but not any of the others. These results 

suggested that AH-2 and DA3 Vh would be encoded by genes of the Vh5 

family and UK-4 and RH-14 Vh by either VhI or Vh3 genes. This was later 

confirmed by sequencing.

Figure 3.T shows an example of results obtained from PCR amplification of 

mAb cDNA. Lanes B and C contain the products of separate PCRs in which 

cDNA from RH-14 hybridoma cells was amplified with primers VH9 and Cy. 

Lane A represents a negative control PCR which contained exactly the same 

constituents except that RH-14 cDNA was omitted. A bright 400bp band is 

seen in lanes B and C but not in lane A. This shows that this PCR product 

was derived from amplification of RH-14 cDNA and not from any
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contaminant in the PCR mix (which would also have been present in the 

negative control).

In some cases the band seen on the gel after PCR amplification was much 

fainter than those shown in figure 3.1. Attempts to clone DNA from slices 

containing such faint bands were unsuccessful. In these cases, the purified 

PCR product from the gel slice was amplified in a second PCR reaction, the 

conditions of which were exactly the same as those described in section 2.4. 

The products of these second stage PCRs gave much brighter bands 

(containing more DNA) from which DNA was successfully purified and 

cloned.

Tag polymerase can introduce errors into the sequence of a DNA fragment 

during amplification. This error rate is low but measurable. It has been 

estimated at approximately 7x10'^ errors per nucleotide per cycle 

(Tomlinson et al 1992). Assuming that the length of V region cDNA is about 

400 bp and that the number of cycles was 30, one might expect errors at 

either 0 or 1 nucleotide positions in the cloned cDNA sequences derived 

from these hybridoma cells. The possibility of error was higher when two 

stages of PCR were required to amplify the DNA. To exclude this possibility it 

was necessary to sequence clones derived from two separate PCR 

reactions which amplified cDNA derived from the same hybridoma. The 

same error is very unlikely to occur in two separate PCRs. Thus by 

confirming that clones from the two PCRs had the same sequence it was 

possible to ensure that the correct sequence of the V region expressed by 

that hybridoma had been obtained.
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Figure 3.1 PCR Amplification of RH-14 Vh

A B C M

A = Negative control 
B = RH-14 Vh 
C = RH-14 V h

M = Molecular weight markers (the lowest band in this lane 
represents a marker SOObp in length)
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Sequences were obtained by cloning the amplified V region cDNA products 

into the vector pGEM-T and sequencing the insert from either end. The 17 

and SP6 promoter sites which flank the insert in pGEM-T were used as 

primers for sequencing as described in section 2.11. In the longer Vh inserts 

it was not possible to read the sequence of CDR2 reliably using these 

primers, since this CDR was almost 200bp from the primer on either side. 

Under these circumstances CDR2 sequences were obtained by sequencing 

from the 3' and 5' ends of the insert itself, using the primers originally used 

for PCR amplification rather than the 17 and SP6 primers.

3.4 Sequence analysis of RH-14

The sequence of RH-14 Vh shows 96% homology at the nucleotide level 

and 89% at the amino acid level to the germline Vh gene V3-07 (first 

described by Matsuda et al 1993). The sequence of the first 23 nucleotides 

is determined by the primer used in PCR and not by the cDNA itself. The 

apparent difference between V3-07 and the amplified RH-14 Vh sequence in 

codon 1 cannot therefore be considered a true replacement mutation and 

the part of the sequence derived from the primer has been omitted from the 

homology calculation. This principle will be followed in all the homology 

calculations in this thesis.

The nucleotide and amino acid sequences of RH-14 Vh and V3-07 are 

compared in figure 3.2. V3-07 contains no known sites of allelic 

polymorphism (Tomlinson et al 1996). Thus any differences between the two 

sequences are likely to represent somatic mutations. There are 8 nucleotide 

differences between RH-14 and V3-07 in CDR 1 and 2 and all of these are 

replacement mutations. The FRs contain two replacement and two silent 

mutations. This pattern suggests strongly that these differences arise from
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antigen driven selection of somatic mutations. Calculation by the method of 

Chang and Gasali (1994), described in section 1.4.3, shows that p=3.2x10-4 

where p is the probability that this pattern of differences could have arisen by 

chance alone.

Somatic mutation appears to have increased the number of basic residues 

in both CDR 1 and CDR 2. A serine (8) residue is replaced by asparagine 

(N) in CDR1 and glutamic acid (E) by lysine (K) in CDR2. The latter mutation 

is particularly interesting in that a negatively charged residue is replaced by 

a positively charged one, which is likely to lead to a significant change in the 

overall charge in this part of the molecule. This change would be enhanced 

by the substitution of the neutral glycine (G) residue for negatively charged 

aspartic acid (D) at codon 54 in CDR 2. CDR 3 is unusually short and 

contains no basic residues. It may be derived from a shortened form of 

DAIrc. FR 4 is derived from the unmutated Jh4 segment.

The sequence of RH-14 is very close to that of the germline gene 2a2, 

previously known as DPL11 (Williams and Winter 1993). Homology is 99% at 

the nucleotide level and 97% at the amino acid level. The sequences of 2a2 

and RH-14 V^^are compared in figure 3.3. There are only three nucleotide

differences. These do not occur at sites of known allelic polymorphism and 

are thus likely to arise from somatic mutation. All are in the CDRs and all 

lead to amino acid replacements. This pattern is suggestive of antigen 

driven selection. The calculated p value is 1 . 2 x 1 though calculations 

based on such small numbers of mutations can be misleading. The 

substitution of arginine (R) for threonine (T) in CDR3 increases the number 

of basic residues but the other replacements have no effect on charge.

There is a second arginine residue in CDR3 created as a result of junctional 

diversity. The J;̂ 2 (or J^3) gene is otherwise unmutated.
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Legend to Sequence Figures 3.2 to 3.9 and 3.11

In each of these figures, the uppermost nucleotide sequence is that of the 

germline gene and is printed in full. The presence of a dash in the other 

sequences indicates identity with the uppermost sequence whereas dots at 

the VD, VJ or DJ junctions are inserted to facilitate alignment.

In figures 3.2, 3.3. 3.4, 3.5, 3.6, 3.8 and 3.9 the amino acid sequence of the 

germline gene is given above the germline nucleotide sequence. 

Replacement mutations in the antibody cDNA sequences are indicated by 

X>Y, where X is the germline gene residue and Y is the residue found in the 

antibody. Amino acids are named according to the standard one letter code, 

which is given in full in Appendix 1.



Figure 3.2 Sequence of RH-14 Compared to V3-07,DAlrc AND J„4

IT)

FR 1
E>Q V Q L V E S G G G L V Q P G G S L R L S

V3-07 GAG GTG GAG GTG GTG GAG TGT GGG GGA GGG TTG GTG GAG GGT GGG GGG TGG GTG AGA GTG TGG
RH-14 G--

CDR 1 FR 2
G A A S G F T>I F S S>N Y>F W M S>T W V R Q A P G

V3-07 TGT GGA GGG TGT GGA TTG AGG TTT AGT AGG TAT TGG ATG AGG TGG GTG GGG GAG GGT GGA GGG
RH-14 -T- --G

CDR 2
-A- -T- -G-

K G L E W V A N I K>N Q D>G G S E>K K>R Y>S Y V D S
V3-07 AAG GGG GTG GAG TGG GTG GGG AAG ATA AAG GAA GAT GGA AGT GAG AAA TAG TAT GTG GAG TGT
RH-14

FR 3
— G -G- A— -Q- -G-

V K G R F T I S R D N A>V K N S L Y L Q M N
V3-07 GTG AAG GGG GGA TTG AGG ATG TGG AGA GAG AAG GGG AAG AAG TGA GTG TAT GTG GAA ATG AAG
RH-14

V3-07RH-1 4
S

AGG
L

GTG
R

AGA
A

GGG
E

GAG
D

GAG
T

AGG
A

GGT
V

GTG
Y

TAT
Y
TAG

-T-
G
TGT

A
GGG

R
AGA

G
CDR 3 JH4
L V Y C D Y W G Q G T L V T V S S  

JH4 GAG TAG TGG GGG GAG GGA AGG GTG GTG AGG GTG TGG TGA
RH-14 GTG GTG TAG TGT --
DAlrc G-A —  •   agt ca.



Figure 3,3 Sequence of RH-14 Compared to 2a2 and
FR 1

2a2
RH-14

2a2
RH-14

2a2
RH-14

2a2
RH-14

2a2
RH-14

Q S A L T Q P A S V S G S P G Q S I T I S G
GAG TGT GGG GTG AGT GAG GGT GGG TGG GTG TGT GGG TGT GGT GGA GAG TGG ATG AGG ATG TGG TGG

CDR
T

1
G T S S D V>I G G Y N Y V S

FR
W

2
Y Q Q H P G K

ACT GGA AGG AGG AGT GAG GTT
A--

GGT GGT TAT AAG TAT GTG TGG TGG TAG GAA GAG GAG GGA GGG AAA

A P K L M I Y
CDR
E>D

2
V S N R P S

FR
G

3
V S N R F S G

GCC GGG AAA GTG ATG ATT TAT GAG
--T

GTG AGT AAT GGG GGG TGA GGG GTT TGT AAT GGG TTG TGT GGG

S K S G N T A S L T I S G L Q A E D E A D Y
TGG AAG TGT GGG AAG AGG GGG TGG GTG AGG ATG TGT GGG GTG GAG GGT GAG GAG GAG GGT GAT TAT

Y G
CDR
S

3
S Y T>R S S S T

j X2
R V F G G G T K L T V

TAG TGG AGG TGA TAT AGA AGG AGG AGG AGT GTG GTG GTA TTG GGG GGA GGG AGG AAG GTG AGG GTG
-G- --G

L G 
Jl2 CTA GGT 
RH - 1 4 -- ----
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3.5 Sequence analysis of LJ-1

The sequence of the region of antibody LJ-1 shows 98% homology at the 

nucleotide level and 97% homology at the amino acid level with the 

germline gene 3h, formerly known as 1GLV3S2 (Frippiat and LeFranc 1994). 

The sequences are compared in figure 3.4. The difference at codon 3 arises 

from the sequence of primer HL 30. The substitution of aspartic acid (D) for 

tyrosine (Y) in the first codon of CDR2 is a known site of allelic polymorphism 

in this gene. Excluding these, there are four nucleotide differences, all in the 

CDRs. Two are silent and two are replacements. This distribution of R and S 

mutations does not suggest an antigen driven process.

A mutation gives rise to a new asparagine (N) residue in CDR1, but there 

are no accumulations of basic residues. The J\2 (or Jx3) gene is used 

without mutation.

3.6 Sequence analysis of AH-2 and DA-3

These two antibodies were derived from PBL extracted from a single blood 

sample from patient L.C. and were found to have almost exactly the same Vh 

and \/x sequences as each other. In particular, they were almost identical in 

VhCDR3, showing that they must derive from the same antibody-secreting 

clone.

The sequence of AH-2 shows 99% homology at the nucleotide level and 

98% at the amino acid level with the germline gene 1e, previously known as 

IGLV1S2 (Bernard et al 1990). These sequences, and that of DA-3 V^, are 

shown in figure 3.5. The differences in codons 3 and 4 arise from the 

sequence of primer HL 10. Excluding these, there are two R mutations in
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Figure 3.4 Sequence of LJ-1 compared to 3h and

FR 1
S Y V>E L T Q P P S V S V A P G K T A R I T

3h TCC TAT GTG CTG ACT CAG CCA ccc TCA GTG TCA GTG GCC CCA GGA AAG ACG GCC AGG ATT ACC
LJ-1 -- -A-

CDR 1 FR 2
C G G N N I G s K S>N V H W Y Q Q K P G Q A

3h TGT GGG GGA AAC AAC ATT GGA AGT AAA AGT GTG CAC TGG TAC CAG CAG AAG CCA GGC CAG GCC
LJ-1

CDR 2
-A-

FR 3
P V L V I Y Y>D D S D R P S G I P E R F S G

3h CCT GTG CTG GTC ATC TAT TAT GAT AGC GAC CGG CCC TCA GGG ATC CCT GAG CGA TTC TCT GGC
LJ-1 G--

S N S G N T A T L T I s R V E A G D E A D
3h TCC AAC TCT GGG AAC ACG GCC ACC CTG ACC ATC AGC AGG GTC GAA GCC GGG GAT GAG GCC GAC
LJ-1

CDR 3 Jl2
Y Y C Q V W D S S S D H>Q F G G G T K L T V

3h TAT TAC TGT GAG GTG TGG GAC AGT AGT AGT GAT CAT TTC GGC GGC GGG ACC AAG CTG ACC GTC
LJ-1 ----- ----- ----- ----- --A ----- --T ----- ----- ----- ----- --A ----- ----- ----- ----- ----- ----- ----- ----- -----

L G 
j X2 CTA GGT
L iJ “ l  ---------------
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AH-2 Vx, one in FR2 and one in CDR2. Neither leads to a change in the 

number of basic residues. DA-3 Vxhas an extra R mutation in FR2 and an 

extra S mutation in FR3. None of these nucleotide differences occurs at a 

known site of allelic poymorphism. The dearth of CDR mutations in these 

sequences argues against a role for antigen drive. However, in both AH-2 

and DA-3 Vx the sequence motif lysine-serine-asparagine-arginine (KSNR) 

occurs in CDR2, representing an area of accumulated basic residues. Both 

antibodies use the Jx2 (or Jx3) gene with a single silent mutation.

The V|_| regions of AH-2 and DA-3 are more heavily mutated than the Vx 

regions of the same antibodies. They differ from each other by only one 

nucleotide (in FR3). The most homologous germline gene is V5-51 

(previously known as Vh251) (Shen et al 1987, Sanz et al 1989). 

Homology is 94% at the nucleotide level and 88% at the amino acid level 

for both antibodies. The sequences of V5-51, AH-2 Vh, and DA-3 Vh are 

compared in figure 3.6, The substitution of leucine for valine in codon 5 

arises from the sequence of the VH5 primer and the silent change CCC to 

CCG in codon 14 is probably due to allelic polymorphism (Tomlinson et al 

1996).There are four amino acid replacements in CDR1 and CDR2 with no 

silent mutations. This is suggestive of antigen driven selection. However, 

because there are also a large number of replacement mutations in the FRs 

statistical analysis does not give significant p values (p = 0.16 for AH-2 and 

0.14 for DA-3).

Both antibodies use the Jn6b gene segment with three replacement 

mutations in DA-3 and two in AH-2. No known germline D segment is 

entirely homologous to either CDR 3 sequence but there appear to be 

contributions from DXP’4, DIR 3 rc and DXP1 as shown in figure 3.7.



Figure 3.5 Sequences of AH-2 and DA-3 V2̂ Compared to le and 
FR 1
Q S V V>L T Q P P S V S G A P G Q R V T I

le CAG TCT GTC GTG ACG CAG CCG CCC TCA GTG TCT GGG GCC CCA GGG CAG AGG GTC ACC ATC
AH 2 -- ------G T - -    ----------------------------------------------------
DA 3 -----—  G T  —    ---------------------------------------- -- ----

CDR 1 FR 2
S C T G S S S N I G A G Y D V H W Y Q Q  

le TCC TGC ACT GGG AGC AGC TCC AAC ATC GGG GCA GGT TAT GAT GTA CAC TGG TAG CAG CAG
AH 2 -- ----------------------------------------------------------------------------
DA 3--------- ----------------------------------------------------------------------------

CDR 2 FR 3
L>V P G T A P K L>V L I Y G N>K S N R P S G V

le CTT CCA GGA ACA GCC CCC AAA CTC CTC ATC TAT GGT AAC AGC AAT CGG CCC TCA GGG GTC
AH 2 G - - ---           - - A ----------------------------
DA 3 G - - --- --------------------G - - ----   - - A ----------------------------

O P D R F S G S K S G T S A S L A I T G L  
^  le CCT GAC CGA TTC TCT GGC TCC AAG TCT GGC ACC TCA GCC TCC CTG GCC ATC ACT GGG CTC

AH 2 ------ ------------------------------------------------------------------------
DA 3 -- ----------------------------------------------------------------------------

CDR 3
Q A E D E A D Y Y C Q S Y D S S L S G  Y>W 

le CAG GCT GAG GAT GAG GCT GAT TAT TAG TGC CAG TCC TAT GAC AGC AGC CTG AGT GGT TAT
AH 2                    “GG
DA 3--------- ----- - A -----                -GG

V F G G G T K L T V L G
JX2 GTC TTC GGC GGA GGG ACC AAG CTG ACC GTC CTA GGT
AH 2 - - G --- ----------------------------------------
DA 3 - - G --- ----------------------------------------



Figure 3.6 Sequences of AH-2 and DA-3 V„ Compared to V5-51 and J„6b 
FR 1
E V Q L V>L Q S G A E V K K P G E S L K I S

V5-51 GAG GTG CAG CTG GTG CAG TCT GGA GCA GAG GTG AAA AAG CCC GGG GAG TCT CTG AAG ATC TCC
AH-2 -------    C - - -       - - G-------------------------
DA-3---- -------    C - - -       - - G-------------------------

CDR 1 FR 2
C K>Q G>A S G Y S F T>A S>T Y W I G W V R Q M P G

V5-51 TGT AAG GGT TCT GGA TAC AGC TTT ACC AGC TAC TGG ATC GGC TGG GTG CGC CAG ATG CCC GGG

CDR 2
K G L E W>C M G I>M I>V Y>F P G D S D T R Y S P S

V5-51 AAA GGC CTG GAG TGG ATG GGG ATC ATC TAT CCT GGT GAC TCT GAT ACC AGA TAC AGC CCG TCC

^  FR 3
^  F Q G Q V T I S A D K S  I>L S T A Y L Q W S

V5-51 TTC CAA GGC CAG GTC ACC ATC TCA GCC GAC AAG TCC ATC AGC ACC GCC TAC CTG CAG TGG AGC
AH-2 ----             C-- - - T ----------------------------
DA-3 --- --- --- --- --- --- --- --- --- --- --- --- C-- --T --- --- --- --- --- --- ---

S L K A S D T A  M>I Y Y>L* C A R L  *Y >F  in DA-3
V5-51 AGC CTG AAG GCC TCG GAC ACC GCC ATG TAT TAC TGT GCG AGA CA.

CDR 3
G T G  A>E P L T A F>N F T P  Y Y Y

JH6b TAC TAC TAC
AH-2 GGA ACC GGC GCC CCT TTG ACT GCT TTT TTT ACG CCC------- - --  --T
D A —3 --- --------— A A  ------------AA — --- -------- -- ----—  T

Y>S G>R M D>E V W G Q G T T V T V S  S
JH6b TAC GGT ATG GAC GTC TGG GGC CAA GGG ACC ACG GTC ACC GTC TCC TCA
AH-2 -CT C - - -------------------------------------------------------
DA-3 -CT C - - -- - - A ------- - - A ---------------------------------
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Figure 3.7 D Genes Showing Homology to V^^CDRS 
of AH-2, DA-3 and UK-4

AH-2 CDR3 CTTGGAACCGGCGCCCCTTTGACTGCTTTTTTTACGCCC 
DA — 3 C DR 3 ----------------------------A A-------------------------AA---------------------

DXP'4 T G
DIR3 rc------------ A— C-----
DIR4 rc ---------
D IR l ---------------------------------- ----------------
DXP1/D2 --------G— A— A—

UK-4 CDR3 GATCTTGGAGCAGTGACTGCGT
DXP'4 -T------
DAlrev -T-- T----
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There are no areas of accumulated basic residues in AH-2 or DA-3 None 

of the mutations leads to an alteration in charge except the loss of a lysine 

(K) residue in FR1 (replaced by glutamine, Q).

3.7 Sequence analysis of UK-4

The sequence of UK-4 Vx shows 94% homology at the nucleotide level and 

87% at the amino acid level to the germline gene 2a2. These sequences are 

shown in figure 3.8. In contrast to RH-14 Vx, which is also derived from 2a2, 

UK-4 Vxis heavily mutated. One apparent nucleotide difference (AAT to AAG 

in CDR2) can be accounted for by a known allelic polymorphism (Williams et 

al 1996). Excluding this, there are 14 R mutations, of which 8 are in CDR 

1,2,and 3 and only three S mutations of which one is in CDR2. This 

distribution is highly likely to have arisen by an antigen driven process 

(p=1.9 X 10'2). CDR3 is truncated, having lost its last two codons at the 

junction with the unmutated Jx2 (or Jx3) gene.

The overall effect of these mutations is to produce three extra basic residues 

in the CDRs. Serine (8) is replaced by asparagine (N) in CDR1. in CDR3 

two adjacent serines are replaced by asparagine and arginine.

UK-4 Vh shows 95% homology at the nucleotide level and 92% at the amino 

acid level to the germline gene V3-74 (Cook et al 1994). These sequences 

are compared in figure 3.9. Excluding the silent change TCC to TCT in 

codon 7 which arises from the sequence of primer VH9, there are14 

nucleotide differences. None of them can be accounted for by allelic 

polymorphism. In stark contrast to UK-4 Vx ,however, the mutations in UK-4 

Vh occur primarily in the FRs. Thus, there are 8 R mutations of which 6 are in 

FRs, and 6 8 mutations of which 5 are in FRs. The lack of CDR mutations



Figure 3.8 Sequence of UK-4 Compared to 2a2 and 2

FR 1
S A L T Q P A S V S G S P G Q S I T I S C  

2a2 TCT GCC CTG ACT CAG CCT GCC TCC GTG TCT GGG TCT CCT GGA CAG TCG ATC ACC ATC TCC TGC 
UK 4 -- ---------------------------------------------- -------------------------------

CDR 1 FR 2
T G T S S>N D V G G>S Y N Y V S W Y Q  Q>L H P G

2a2 ACT GGA ACC AGC AGT GAC GTT GGT GGT TAT AAC TAT GTC TCC TGG TAC CAA CAG CAC CCA GGC

CDR 2 FR 3
K>E A P K L M>L I Y E>D V>A S>I N>K R P S G V S N R F

2a2 AAA GCC CCC AAA CTC ATG ATT TAT GAG GTC AGT AAT CGG CCC TCA GGG GTT TCT AAT CGC TTC
VO
^  S G S K>E S G N T A S L T I S G L Q A E D E

2a2 TCT GGC TCC AAG TCT GGC AAC ACG GCC TCC CTG ACC ATC TCT GGG CTC CAG GCT GAG GAC GAG 
UK 4    G - - -------- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- -----

CDR 3 JX2
A>G D Y Y C S S Y T  S>N S>R V F F G G G T 

2a2 GCT GAT TAT TAC TGC AGC TCA TAT ACA AGC AGC GTG GTA TTC GGC GGA GGG ACC

K L T V L G
JX2 AAG CTG ACC GTC CTA GGT
UK 4 -- --------------------
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Fiaure 3 .9 Seouence of UK-4 CoitiDared to V3- 74 and 4b

FR
E

1
V Q L V E S G G G L V Q P G

n

G s L R L S
V3-74 GAG GTG CAG CTG GTG GAG TCC GGG GGA GGC TTA GTT CAG CCT GGG GGG TCC CTG AGA CTC TCC
UK 4 --T --G

C A>V A S G F T F S
CDR
S>G

1
Y W M H

FR
W

2
V R Q A>V P G

V3-74 TGT GCA GCC TCT GGA TTC ACC TTC AGT AGC TAC TGG ATG CAC TGG GTC CGC CAA GCT CCA GGG
UK 4 ----- -T- ----- ----- ----- ----- ----- ----- ----- G— ----- ----- ----- ----- ----- ----- ----- -T-

K G L V W V S
CDR
R

2
I N S D G S>R S T S Y A D S

V3-74 AAG GGG CTG GTG TGG GTC TCA CGT ATT AAT AGT GAT GGG AGT AGC ACA AGC TAC GCG GAC TCC
UK 4 --G --A

V K G
FR
R

3
F T I S R D N A>S K N T L Y>V L Q M N

V3-74 GTG AAG GGC CGA TTC ACC ATC TCC AGA GAC AAC GCC AAG AAC ACG CTG TAT CTG CAA ATG AAC
UK 4 --T T-- ----- ----- ----- T-- GT-

S L R A E>D D T A V Y Y C A R
CDR
D

3
L G A V T A

V3-74 
UK 4

AGT CTG AGA GCC GAG
--C

GAC ACG GCT 
— C

GTG TAT TAC TGT GCA 
—  C

AGA
GAT CTT GGA GCA GTG ACT GCG

JH4b 
UK 4

Y
.AC
T--

Y
TAC

F
TTT

D
GAC

Y
TAC

W
TGG

G
GGC

Q
CAG

G
GGA

T>A
ACC
G-T

L
CTG

V
GTC

T
ACC

V
GTC

S
TCC

S
TCA
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suggests that antigen driven selection has not been involved in the 

development of this Vh sequence.

There are no accumulations of basic residues. CDR3 probably arises from 

fusion of the DXP'4 and DAlrev D genes, as shown in figure 3.7. The 

unmutated Jn4b gene encodes FR4.

The sequence data reported above appear in the EMBL, GenBank, and 

DDBJ Databases under the accession numbers X91128 to X91134 (for the 

APL sequences) and X95739 to X95740 (for RH-14).

3.8 Discussion of Results

Genomic DNA from patients A.C., L.C. and D.H. was not available. It is 

therefore impossible to be absolutely certain that the published sequences 

of germline genes in figures 3.2 to 3.9 are exactly the same as the 

sequences of those genes in these patients. However, as discussed in 

section 1.4, allelic polymorphism in Vh and Vl genes rarely leads to more 

than one or two nucleotide differences between different individuals, even 

where they are from different ethnic groups (Sanz et al 1989a). In the Vh 

sequences of RH-14, AH-2 and DA-3, and the V;̂  sequence of UK-4, the 

numbers of nucleotide differences between the cDNA and published 

germline genes are much greater than this, and these differences are also 

distributed non-randomly. The conclusion that these differences arise from 

somatic mutation and not allelic polymorphism is therefore justifiable. 

Furthermore, only differences at sites that are not known to be polymorphic 

in any published allele have been counted as somatic mutations in the 

statistical analyses given in this chapter.



1 67

3.8.1 Sequence of the anti-DNA mAb RH-14

The sequence features of RH-14 are in keeping with those of human IgG 

anti-dsDNA mAb reported by other authors and detailed in table 1.5.3. Thus, 

there are mutations in both Vh and Vp̂, but Vh contains considerably more 

mutations and the distribution of these suggests an antigen driven process. 

Furthermore, the mutations have increased the numbers of basic residues in 

the CDRs of both chains. The sequences derived in this project have been 

used by Dr J. Kalsi and Dr A. Martin to construct a computer model of the 

structure of the dsDNA binding site of RH-14 (Ravirajan et al, in press). This 

computer model is shown in figure 3.10. CDRs (shown in white) form the 

bulk of the antigen binding surface. Basic residues from VhCDR2 and 

VlCDR3, some of which have arisen by somatic mutation, are exposed 

prominently in this binding site. These are the dark blue regions at the 

bottom right of the figure. As noted in section 3.4, VhCDR2 and VlCDRS are 

exactly the regions of RH-14 where mutation has had the most effect on the 

content of basic residues.

RH-14 uses the V^gene 2a2, which has previously been shown to encode 

four other IgG anti-DNA mAb, 33H11 (Winkler et al 1992), KS3 and SD6 

(Paul and Diamond 1993) and B3 (Ehrenstein et al 1994). This supports the 

idea that this gene product may possess some intrinsic feature which 

favours the formation of a dsDNA binding site. 2a2 encodes a number of 

antibodies carrying the idiotype 8.12 (Paul at al 1992). Titres of 8.12 +ve 

anti-DNA antibodies are elevated in the serum of many patients with SLE 

and 8.12+ve antibodies are found in renal biopsies of patients with SLE 

nephritis (Diamond and Paul 1993). It is possible that these findings reflect a 

predilection for use of the 2a2 gene to encode anti-dsDNA in patients with 

SLE. It is not known whether RH-14 is 8.12 positive.



Fiaure 3.10 Computer Generated Model of the Antigen-Binding Site of Antibody RH-14
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Prior to the work described in this thesis, no report had described use of the 

Vh3 family gene V3-07 in an anti-DNA antibody. However, a search of the 

EMBL database for sequences similar to RH-14Vh showed that the 

monospecific IgM anti-dsDNA mAb III-3R (Manheimer-Lory et al 1991) 

shows 99.3% homology to V3-07. III-3R Vh was originally thought to be 

highly mutated since the closest germline gene recognized in 1991 showed 

only 90% homology. This illustrates the importance of re-interpreting mAb 

sequence data more than five years old in the light of the discovery and 

mapping of new human Vh and Vl genes. The V3-07 gene is expressed in 

the fetus (Hillson et al 1992) and is one of the eight most commonly 

rearranged human Vh genes (Brezinschek et al 1997).

RH-14 is one of only two human monoclonal anti-dsDNA antibodies which 

have been shown to deposit in the glomeruli of SCID mice by 

immunofluorescence. The other mAb, 33.C9, also causes proteinuria in 

these mice but has not been shown to produce deposits which are visible 

under the electron microscope (Ehrenstein et al 1995). Despite their similar 

behaviour in this experimental system, RH-14 and 33.C9 do not appear to 

share common sequence features. These two mAb use Vh and Vl genes 

from different families. 33.C9 is encoded by the Vh4 gene V4-39 and the VJ 

gene L I2. 33.C9Vh is extensively mutated but most of these mutations are in 

FRs. There are fewer mutations in 33.C9VLand there is no accumulation of 

basic residues in either chain

3.8.2 Vm sequences of the monoclonal APL

The first question to be raised about the antibodies LJ-1, AH-2, DA-3 and 

UK-4 is how relevant they are to the pathogenesis of APS. The patients A.C., 

L.C. and D.H. had SLE and either serum APL or LA, but only A C. had
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developed a major diagnostic feature of APS (fetal loss) and none of the 

three gave an unequivocal history of thrombosis. Furthermore, these mAb 

did not show the cofactor dependence characteristic of APL found in APS. 

One of the mAb (UK-4) demonstrates lupus anticoagulant activity.

On the other hand, these are the first (and so far the only) human 

monoclonal IgG APL which show specificity for anionic PL and do not also 

bind DNA. They are thus of great interest in determining the sequence 

characteristics which might distinguish the binding sites of these two 

important autoantigens.

AH-2 and DA-3 are truly distinct antibodies and not simply subclones that 

arose in vitro, because they are of different isotypes. The isolation of two 

distinct, but clonally derived, monoclonal APL from the patient L.C. is 

important because it shows that this particular clone of IgG producing cells 

must be highly expanded in this individual. The fact that the Vh regions of 

these mAb show accumulations of R mutations in the CDRs suggests but 

does not prove that this clonal expansion was driven by antigen.

An unusual feature of AH-2 and DA-3 is their use of the gene V5-51. The 

Vh5 family is small, with only two functional genes (Sanz et al 1989a). Vh5 

genes are rearranged in the neoplastic clones of 20 -30% of patients with 

CLL (Shen et al 1987) but have rarely been shown to be expressed in 

functional antibodies. Functional Vh5 products have been reported in an 

IgM anti-insulin mAb (Sanz et al 1989b), an IgG anti-HIV mAb (Andris et al 

1991), a monoclonal anti-DNA IgM (Manheimer-Lory et al 1991) and in IgE 

antibodies from patients with atopic dermatitis (van der Stoep et al 1993).
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A high affinity anti-dsDNA Fab produced by the phage display method from 

lymphocyte cDNA of a patient with SLE also uses the V5-51 gene (Roben et 

al 1996). There were mutations in CDRs as well as a cluster of R mutations 

in FR3. Three R mutations in FR3 are also seen in AH-2 and DA-3 V h , 

though they are not the same ones noted by Roben et al. Perhaps FR3 may 

play an important role in the binding properties of antibodies produced by 

some Vh genes, as has been suggested by experiments in which FR3 

mutations altered the affinity of mouse mAb for DNA (Katz et al 1994). The 

presence of many mutations in the FRs of AH-2 and DA-3 is otherwise 

difficult to explain, particularly as only one of these occurs at a mutational 

"hotspot". As described in section 1.4.3, these hotspots are preferentially 

targeted by the intrinsic hypermutation mechanism in B cells (Wagner and 

Neuberger 1996). The consensus sequence of these hotspots is A/G-G-C/T.

The Vh region of UK-4 is unusual in that mutations occur more commonly in 

the FRs than the CDRs. This could be due to chance alone (since FRs are 

longer than CDRs) but it remains surprising that so many mutations exist in 

the sequence in the absence of evidence of antigen driven selection. Only 

two of the 11 mutations in the FRs occur at mutational hotpots. Alternatively 

the nucleotide differences in FRs might not be mutations at all, but represent 

a highly unusual allele of V3-74 present in patient D.H. However, this is 

unlikely since this gene shows very little polymorphism. Only three V3-74 

alleles have been discovered, which differ from each other at only two 

positions. The V3-74 gene is also used in the IgG anti-dsDNA mAb 35.21 

(Winkler at al 1992) but in that case the pattern of R and S mutations is 

consistent with antigen driven selection.
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The Vh regions of these IgG APL differ from those of IgG anti-dsDNA mAb in 

their lack of accumulation of basic residues in CDRs. Neither arginine 

residues nor the YYGS motif are seen in VhCDR3.

The inability to amplify LJ-1 Vh in these experiments can be explained in 

one of two ways. Firstly, the amount of VhcDNA in the LJ-1 hybridoma cells 

might have been too low to give a detectable amount of PGR product after 

amplification. This is unlikely, because LJ-1 V;̂  was amplified successfully 

from cDNA produced by the same cells, and these cells were secreting 

detectable quantities of whole antibody at the time of RNA extraction. A more 

likely explanation is that the primers used in PCR were unable to amplify LJ- 

1 Vh, perhaps because it was encoded by a Vh6 or Vh7 gene. This could 

have been investigated further by synthesizing primers suitable for 

amplifying Vh6 or Vh7 gene sequences. This avenue was not pursued in 

order to concentrate on the development of the expression system.

3.8.3 sequences of the monoclonal APL

There was no evidence to suggest preferential use of certain V;̂  genes or 

families in these monoclonal IgG APL. Genes from all three of the largest V i 

families (Vx1,2, and 3) were used. LJ-1, AH-2 and DA-3 showed very few 

mutations with nothing to suggest antigen driven selection. However, AH-2 

and DA-3 showed an accumulation of basic residues in Vx, CDR2 and a 

somatic mutation in V^CDRI of LJ-1 led to development of a lysine- 

asparagine couplet. These findings are reminiscent of those in monospecific 

IgM APL (see table 1.5.2 and section 1.5.5) in which there are very few 

mutations but accumulations of basic residues in CDRs are invariably found.
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UK 4 \ f i  shows a much higher degree of mutation, which seems likely to 

have been driven by antigen. Like the regions of the anti-dsDNA 

antibodies RH-14 and B3 it is derived from the germline gene 2a2. As 

shown in figure 3.11, however, the three antibodies have been produced 

from 2a2 by the accumulation of different sets of mutations. The 2a2 gene is 

likely to be particularly prone to the development of mutations in the CDRs. 

This is because all three of the CDRs contain mutational "hotspots". In 2a2, 

CDR1 contains the sequence AGCAGT, CDR2 contains GGTCAGT, and 

CDR3 contains AGCAGC. All of these regions are mutated in UK-4. The 

CDR1 hotspot is also mutated in B3, but the mutations are different.

These findings support the theory that early development of autoimmunity in 

SLE patients may often be characterized by the presence of B cell clones 

expressing potentially autoreactive V genes such as 2a2. These clones may 

give rise to descendants producing antibodies with different specificities 

because they accumulate different mutations, perhaps under the influence of 

different antigens and cytokines. This model could explain the presence of 

antibodies to different autoantigens such as DNA, histones, and PL in the 

same patient. Thus, in patient D.H. two different 2a2 expressing clones 

were present in the blood sample taken for hybridoma formation. One (which 

gave rise to RH-14) expressed 2a2 with very few mutations, whereas the 

other (which gave rise to UK-4) expressed the gene in a highly mutated 

form. In addition, the different binding properties of the two antibodies must 

have been influenced by their different (though both from the Vh3 family) Vh 

genes.



Fiaure 3.11 Comparison of the Amino Acid Sequences of 2a2, RH-14 B3
V. and UK-4

FR 1 CDR 1 FR 2
2a2 SALTQPASVSGSPGQSITISC TGTSSDVGGYNYVS WYQQHPGKAPKLMIY
RH-14   1--------

CDR 2 FR 3 CDR 3
DPL 11 EVSNRPS GVSNRFSGSKSGNTASLTISGLQAEDEADYYC SSYTSSST
RH-14 D------ ---------------------------------- ---R-----

Tf B3  H-------T A----S------------------- ----S—TTR
UK—4 DAIK ---------E----------------- G---------NR. .
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3.8.4 Unequal effect of antigen drive on the heavy and light 

chains

In all four mAb in which both Vh and Vl sequences were obtained, one chain 

showed much stronger evidence of antigen driven selection of mutations 

than the other. Vh was more heavily mutated than Vl in AH-2, DA-3 and RH- 

14 whereas the converse was true in UK-4. This unequal effect of antigen 

drive has been noted in most IgG anti-dsDNA studied (see table 1.5.3 and 

section 1.5.6). Perhaps unmutated Vh or Vl genes encode variable regions 

which can pair with a wide variety of V gene products on the other chain. As 

mutations in one chain develop, it becomes more specialized for binding to 

a particular antigen. A logical result of this would be that it could only 

produce this very precise binding site in association with a partner chain 

very similar to the one present when the mutations were introduced. Thus, in 

order to maintain antigen driven expansion of the clone of cells carrying 

these mutations, the partner chain should not alter very much. The presence 

of many mutations in the CDRs of one chain might therefore act to inhibit 

mutation of the other.

3.8.5 Summary

These sequence data indicate that these human IgG monoclonal 

autoantibodies have developed by antigen driven clonal expansion, with the 

exception of LJ-1, for which no conclusion can be drawn in the absence of 

the Vh sequence. Whilst the anti-DNA antibody RH-14 shows the sequence 

features expected from previous analysis of IgG monoclonal anti-dsDNA, 

the four monoclonal APL do not share all these features. In particular, it 

appears that even where a particular gene can give rise to antibodies of
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either specificity, this is achieved by the accumulation of different mutations 

in each case.
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CHAPTER 4
RESULTS FROM EXPRESSION OF CLONED 
AUTOANTIBODY cDNA

4.1 Selection of autoantibody and cDNA for expression in 

the eukaryotic system

WRI176 is a polyreactive human IgMK mAb which was produced by fusion of 

splenocytes from a patient with SLE with cells of the human lymphoid line 

GM4672 (Blanco et al 1994). It binds ssDNA, poly (dT) and RNA. It was 

selected for study because a computer model of its three-dimensional 

structure has been produced (Kalsi et al 1996). This model suggests that 

the DNA binding site of this antibody is flat but that a prominently exposed 

tryptophan residue in VhCDR2 is essential for stacking interaction with 

ssDNA. Thus, a mutant lacking this tryptophan might lose DNA binding 

activity.

83 is a human IgGX, antibody derived by fusion of PBL from a different 

patient with SLE with cells of the mouse-human heteromyeloma line CB-F7 

(Ehrenstein et al 1993,1994). It shows high affinity binding to ssDNA and 

dsDNA. A computer model of the B3/dsDNA complex shows binding of the 

double helix in a cleft about 22Â wide (Kalsi et al 1996). This model is 

shown in figure 4.1. Three arginine residues are present at the margins of 

this cleft. These arginines (shown in dark blue in the figure) are derived from 

V l CDRI, V|_CDR2 and CDR2. Of particular interest is the arginine 

residue in Vl CDRI which has been created by mutation from serine in the 

germline sequence. Reversion of this replacement mutation by site-directed 

mutagenesis would be expected to alter DMA-binding affinity of B3.



Figure 4.1 Computer Model of B-DNA Bound to mAb B3

Key FRs = Olive CDRs = White Arginines = Blue
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B3 has also been shown to cause proteinuria when introduced into SCID 

mice (Ehrenstein et al 1995). It is deposited in the kidneys of these animals, 

but the pattern of deposition is nuclear rather than glomerular. Changes in 

the sequence of B3 might affect its ability to cause these effects on the 

kidney, and this could be investigated by expressing the altered sequences 

in the form of whole IgG molecules.

The IgGX mAb UK-4 was also produced by fusion of PBL from a patient with 

SLE with CB-F7 cells (Menon et al 1997). This patient had serum APL and 

some clinical features suggestive of APS (see section 3.1). UK-4 binds 

negatively charged but not neutral PL (see table 3.2). The sequences of UK- 

4 Vh and have been described in chapter 3. They are similar to the Vh 

and V|_ sequences of B3. UK-4 Vi_ uses the same germline gene (2a2) as 

B3 Vi_, but with different somatic mutations. UK-4 does not bind DNA 

whereas B3 shows very weak binding to PL. It was therefore surmised that 

expression of the Vh of one of these mAb with the Vi_ of the other would be 

an interesting way to study which sequence features might be dominant in 

determining binding specificity for either DNA or PL.

4.2 Cloning of and Vĵ  cDNA into the intermediate and final 

expression vectors

WRI176 Vh was the first cDNA to be cloned . This cDNA was amplified with 

primers WRI ROM and WRI MAR (see table 2.2) to produce an Sfil site and a 

BamHI site at the 5' and 3' ends respectively. This PCR product was ligated 

into the vector pGEM-T. Ligation of PCR products into pGEM-T is not 

dependent on the presence of restriction sites (as described in section 2.7) 

so no digestion was necessary prior to this ligation step.
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The recombinant pGEM-T containing the sequence of WR1176 Vn was then 

digested with Sfil and BamHI and the WRI176 Vh fragment produced was 

ligated into the intermediate vector pBCVHCASS4. Recombinant 

pBCVHCASS4 was digested with Hindlll and BamHI and the fragment 

produced, containing the mammalian leader sequence followed by that of 

WRI176 Vh , was ligated into the final expression vector pGI D1.

The cloning of WRI176 Vh was laborious and time-consuming. To reduce the 

time required for cloning the other Vh and V l cDNA, the step requiring 

ligation into pGEM-T was omitted. PCR products from amplification of 

WRI176 V k , B3 V h , B3 \ / x ,  and UK-4 V;̂  were digested with Sfil and BamHI 

and ligated directly into the intermediate vector pBCVHCASS4. The 

recombinant pBCVHCASS4 plasmids were then digested with Hindlll and 

BamHI and the fragments produced were ligated into the appropriate final 

expression vectors.

WRI176 Vk was cloned into pKNIOO, B3 Vh into pG ID I and both B3 y/x and 

UK-4 Mx into pLNIO. UK-4 Vh has not been cloned successfully into pG ID I, 

despite many attempts. UK-4 Vh has been cloned into the intermediate 

vector pBCVHGASS4, but transfer into the final vector seems very difficult. 

The reason for this is not clear.

The strategy for cloning V region cDNA into the expression system is 

summarized in the flow diagram in figure 4.2.



Figure 4.2 Cloning of V region cDNA in expression system
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4.3 Sequences of cloned Vh and cDNA in the final expression 

vectors

The amino acid sequences of the cloned Vh and Vl regions in the final 

expression vectors are shown in Figure 4.3. The sequences of WRI176 Vh 

and B3 Vh are compared with each other and with those of their closest 

germline homologues, V3-30 and V3-23 respectively (figure 4.3a). It is clear 

from the figure that the IgG mAb B3 carries many more mutations in Vh than 

the IgM mAb WRI176. Although they are both derived from genes of the Vh3 

family, the Vh regions of these two antibodies share only 80% homology at 

the amino acid level and are particularly divergent in the CDRs. The Vl 

regions of WRI176 and B3 differ even more because WR1176 Vl is encoded 

by a kappa gene (L I6) while B3 Vl is encoded by the lambda gene 2a2. 

The sequence of WRI176 Vl is shown in figure 4.3b whereas the sequences 

of B3 Vl and UK-4 Vl are exactly as shown in figure 3.11 in the previous 

chapter.

There were five cloned V region cDNA sequences available for expression 

in COS-7 cells. For the sake of brevity, these are denoted in the figures by 

single letters according to the following code;

WR1176 Vn = W 

B3 Vh = B 

WRI176Vl = K 

B3 Vl = L 

UK-4 Vl = M
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Figure 4.3 Sequences of Cloned and cPNA in Final
Expression Vectors

a)

V3-30
WFŒ176
V3-23
BB

FR 1 Œ R  1 FR 2
QVQLVESQQGWQPGRSIRI32AAæFTFS SYGMH WVRQAPGKGLEWVA 
 Q--------------------- ----- -------------

CDR 2 FR 3
V3-30 VISYDGSNKYYADSVKG RFITSRmSKNTLYD^YNSLRAED™^
WRI176 — W----------------------------------------- R
V3-23 A— GS-GST-------------------------------------
T~(̂ T— GR— ST--G~ —Q ~  L----- S-------------------

CDR 3 FR 4
WRI176 ERRSAMAPRAF DIW3QGIMVTVSS
B3 PNVG9GWSF DSW3QGTLVTVSS

b)
KV328
WRI176

FR 1 CDR 1 FR 2
EIVMTQSPATLSVSPGERATLSC RASQSVSSNLA WYQQKPGQAPRLLIY

CDR 2 FR 3 CDR 3
KV328 CASTRAT GIPARFSGSG9GTEFTLTISSLÛSEDFAVYYC QQYNNWPP 
mil76 ------------------------------------------- R

Jk5
VRI176

FR 4
TFGQGTRLEIKR
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4.4 Expression of different Vü/V j. combinations in COS-7 cells

In each of these experiments, equal quantities of heavy chain and light chain 

expression vector were transfected into COS-7 cells by electroporation. 

Transcription from the HOMV promoter on each vector, followed by splicing 

out of the intron between the splice donor (SD) and splice acceptor (SA) 

sites, led to production of whole heavy and whole light chains by those cells 

which had picked up both vectors. These chains were able to combine in the 

supernatant to produce whole IgG molecules. The amount of IgG produced 

by cells transfected with each heavy/light combination was estimated by 

measuring the optical density produced by the supernatant in the IgG ELISA 

(as described in section 2.25). This OD value was used to estimate the 

concentration of IgG in the supernatant by comparison with a standard curve 

obtained by testing known concentrations of commercially available human 

IgGx and IgGX in the same ELISA. Examples of these standard curves are 

shown in figure 4.4.

In the first series of experiments lOpg of each expression vector were used 

for transfection. Figures 4.5, 4.6 and 4.7 show the amounts of whole IgG 

(expressed as OD units) detected in serial dilutions of the supernatants of 

COS-7 cells transfected with different VhA/l combinations. In each figure, the 

negative control (supernatant from COS cells to which no plasmid DNA had 

been added before electroporation) shows no detectable IgG.
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Figure 4.4 Standard Curves of OD Against IgG Concentration 

Obtained in the ELISA
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Figure 4.5 IgG Produced by Combinations WK and BK
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Figure 4.6 IgG Produced by Combinations WM and BM
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Figure 4.7 IgG Produced bv Combinations WL and BL
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Figure 4.5 shows that WRI176 Vl will produce whole IgG in combination 

with either WRI176 Vh (the curve marked WK) or B3 Vh (BK). Very similar 

results were obtained when UK-4 Vl was expressed with either of these Vh 

sequences (figure 4.6, curves WM and BM). However, as shown in figure 

4.7, B3 Vl would produce IgG in combination with WRI176 Vh (WL) but 

produced practically no detectable IgG in combination with B3 Vh (BL). OD 

values for the supernatant from cells transfected with combination BL were 

only slightly higher than those from the negative control (maximum 

difference was 0.064 OD units). The reason for this unexpected result is 

considered in section 4.6.

By comparison with the standard curves of OD against concentration 

obtained using commercial preparations of IgGIX and IgGiK, it was 

possible to estimate absolute yields of IgG for each Vh/V l combination. 

These were 30ng/ml for WK, 70ng/ml for WL, 60ng/ml for WM, 11 ng/ml for 

BK, and 13ng/ml for BM. Variability of yield depending on the construct 

being expressed has been noted previously in this expression system 

(Kettleborough et al 1991) and in others (Mockridge et al 1996). The 

reasons for this are not understood fully.

At these concentrations, none of the supernatants showed detectable 

binding to either ssDNA or dsDNA in the direct binding ELISA. Transfections 

with all six of these Vh/Vl combinations were therefore repeated and the 

supernatants were concentrated approximately threefold (as described in 

section 2.26) before being assayed for DNA activity. The results of this 

second series of transfections were very similar to those described above. 

All Vh/Vl combinations except BL produced detectable IgG. Combinations 

including WRI176 Vh always produced higher yields of IgG than those 

including B3 Vh with the same Vl sequences. Even after concentration to
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levels of up to 100ng/ml, however, none of these supernatants could be 

shown to bind DNA.

4.5 Relationship between amount of plasmid DNA transfected  

and amount of IgG produced

It was postulated that by increasing the yield of IgG in the COS-7 

supernatants, it would be possible to test for anti-DNA activity at higher IgG 

concentrations. In the next experiment, expression of the combination WL 

was repeated, using various different amounts of transfected DNA to 

discover the optimal conditions for expression. This heavy/light combination 

was chosen as it had given the highest yield in the earlier experiments. The 

results are shown in figure 4.8 and demonstrated a gradual increase in the 

amount of IgG detected as the amount of transfected DNA was increased. 

On the basis of these results, 25|ig of each vector were used for transfection 

in all subsequent experiments.

When the highest yield supernatants from this experiment were 

concentrated, a solution containing 170ng/ml of combination WL was 

obtained. However, this solution showed no binding to ssDNA or dsDNA.

4.6 Effect of treating supernatant with DNase

The initial finding that cells transfected with B 3V h/B 3 V l (combination BL) 

did not appear to produce detectable IgG was puzzling. Since both WL and 

BKdid produce whole antibody, it was clear that the fault did not lie in the 

structure of the B 3V h or B 3V l DNA constructs. Some antibodies, including 

83 itself (Ehrenstein et al 1993), are known to bind DNA in cell culture 

supernatants. It was surmised that the IgG produced by BL might be bound
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Legend to Figure 4.8

In this figure the y axis shows amount of IgG detected by ELISA. This is 

expressed as OD detected at 405nm. The x axis shows dilution of the 

supernatant.

The separate curves represent results obtained from supernatants of COS-7 

cells transfected with various quantities of expression vectors.
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in the supernatant in the form of immune complexes with the result that only 

a proportion was detectable by ELISA. Since the total yield of IgG in this 

system is small, and since electroporation causes significant cell death 

which would release DNA into the supernatant, this effect might be large 

enough to render the antibody almost undetectable.

If this hypothesis were correct, one might expect to see an increase in the 

amount of IgG detected in the supernatant, if this were treated with DNase 

before being tested by ELISA. By digesting DNA, this enzyme would alter 

the equilibrium between uncomplexed and DNA-bound antibody in favour of 

the uncomplexed form. To test this prediction, transfections with all four 

combinations WL, BK, WK and BL were repeated but the supernatant was 

divided into two halves. As described in section 2.24, the same amount of 

DNase was added to each half of the sample. The only difference between 

the two halves was that EDTA was added to one half immediately, 

inactivating the DNase, whereas in the other half the enzyme was allowed to 

remain active for one hour before EDTA was added.

Figures 4.9 to 4.12 show the curves of OD against dilution obtained for the 

"active DNase" and "inactivated DNase" samples for each of the four Vh/Vl 

combinations WL, BK, WK and BL. Since the two samples differed only in 

the fact that enzymatic digestion of DNA occurred in the "active DNase", but 

not the "inactivated DNase" sample, any difference between the curves 

must arise from this digestion and would suggest that the level of antibody 

detectable in the supernatant is affected by binding to DNA. The curves for 

the two samples are almost superimposable for the combinations WL and 

BK (Figures 4.9 and 4.10). These are "heterologous" combinations i.e. they 

contain Vh and Vl sequences derived from two different mAb. In contrast, 

both WK (figure 4.11) and BL (figure 4.12) showed an upward shift in the
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curve when active DNase was present . The magnitude of the effect was 

sufficient to increase the apparent concentration of WK from 40 to 60 ng/ml 

and that of BL from 3 to 7 ng/mlThis indicates that some of the antibody 

produced by these homologous (i.e. containing Vh and Vl sequences 

derived from the same mAb) heavy/light combinations is indeed binding to 

DNA in the supernatant.

In this series of experiments, COS-7 cells transfected with the combination 

BL produced detectable amounts of IgG even when treated with inactivated 

DNase (figure 4.12), whereas in the initial set of experiments BL had 

produced practically no IgG (figure 4.7). This difference is probably due to 

the fact that a larger quantity of plasmid DNA (25pg) was transfected in the 

second set of experiments than in the first (10pg).
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Legend to Figures 4.9 to 4.12

In these figures the y axis shows amount of IgG detected by ELISA. This is 

expressed as OD (x 1000) detected at 405nm. The x axis shows dilution of 

the supernatant, where dilution factor= . x = 2 represents twofold 

dilution, x =3 represents fourfold dilution and so on.

The colour code for the three curves in each figure is as follows :

ORANGE = Negative control supernatant (not transfected with plasmid 

DNA).

RED = Supernatant transfected with heavy and light chain vectors and 

treated with inactivated DNase.

BLUE = Supernatant transfected with heavy and light chain vectors and 

treated with active DNase.

An upward shift of the blue curve relative to the red one indicates an 

increase in the amount of detectable IgG due to digestion of DNA.



Figure 4,9 Effect of DNase on laG Detectable in Supernatants from Cells
Transfected with WL
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Figure 4.10 Effect of DNase on IgG Detectable in Supernatants from Cells
Transfected with BK
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Figure 4.11 Effect of DNase on laG Detectable in Supernatants from Cells
Transfected with WK
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Figure 4.12 Effect of DNase on IgG Detectable in Supernatants from Cells
Transfected with BL
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4.7 Anti-DNA activity of COS-7 cell supernatants treated with 

D N ase

The binding of DNA to IgG molecules in the COS-7 supernatant would be 

expected to inhibit binding of these antibodies to ssDNA or dsDNA on an 

ELISA plate. Thus, it was important to compare the results obtained from 

these supernatants in the anti-DNA ELISA after treatment with active or 

inactivated DNase.

Supernatants from cells transfected with WK, WL or BK did not bind either 

ssDNA or dsDNA in the direct binding ELISA, regardless of concentration or 

treatment with DNase. The maximum concentration tested was 140ng/ml for 

WK, 140ng/ml for WL and 20ng/ml for BK. The negative control supernatants 

from all transfection assays likewise showed no binding to ssDNA or dsDNA 

under any circumstances. The mAb RH-14, used as a positive control on the 

same plates, always showed binding to both forms of DNA. There was no 

change in these results even when the ELISA plates were allowed to 

develop for longer time periods of up to two hours.

Supernatant from cells transfected with BL bound both ssDNA and dsDNA in 

the direct binding ELISA, provided that this supernatant had been treated 

with active DNase (figures 4.13 and 4.14). The concentration of IgG in this 

sample was 15ng/ml. The same supernatant, treated with inactivated 

DNase, showed no binding to DNA at all (OD in control wells was greater 

than or equal to that in test wells).
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Legend to Figures 4.13 and 4.14

In these figures the y axis shows OD (x 1000) at 405nm detected in the anti- 

DNA assay.The x axis shows % concentration of the cell supernatant in each 

sample tested.

In figure 4.13 the orange curve shows the results obtained in the anti-ssDNA 

ELISA from DNase-digested supernatant of cells transfected with 

combination BL. The blue curve shows the results from the negative control 

supernatant treated with active DNase.

In figure 4.14 the green curve shows the results obtained in the anti-dsDNA 

ELISA from DNase-digested supernatant of cells transfected with 

combination BL. The blue curve shows the results from the negative control 

supernatant treated with active DNase.



Figure 4.13 Binding of DNase Digested Supernatant from Cells
Transfected with BL to ssDNA
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4.8 Discussion of Results

The results presented above show that whole IgG molecules which bind 

ssDNA and dsDNA can be produced by expression of cloned autoantibody 

cDNA in this system. Whereas antibody produced by B3Vh/B 3V l (i.e 

combination BL) bound both forms of DNA in a direct binding ELISA, 

antibody produced by WRI176Vh/WRI176 Vl (combination WK) could not be 

shown to do this. These results are consistent with the known properties of 

mAb B3 and WRI176. B3 binds strongly to both forms of DNA (Kalsi et al 

1996) whereas WRI176 is a much weaker anti-DNA antibody, perhaps due 

to its lack of somatic mutations (Blanco et al 1994). In particular, the original 

report of WRI176 (Blanco et al 1994) shows that significant binding to either 

form of DNA could not be detected at concentrations below 200ng/ml. The 

maximum concentration of antibody produced by WRI176Vh/WRI1 76 Vl in 

this expression system was 140ng/ml, even after concentrating the 

supernatant.

B3 secreted by the original hybridoma cells could not be shown to bind DNA 

unless the supernatant had been treated with DNase (Ehrenstein et al 

1993). The same phenomenon is observed with the B3Vh/B3Vl antibody 

produced in this expression system. This apparent enhancement of anti- 

DNA affinity by treatment with DNase has been recognized previously by 

other authors and applies to both serum samples and to some murine 

hybridoma supernatants (Subiza et al 1989). Supernatant from WRI176 

hybridoma cells was never tested for DNase sensitivity, and it is impossible 

to do so now as the cell line is extinct. However, in view of the clear lack of 

any effect of DNase on the heterologous combinations WRI176Vh/B3Vl (WL) 

and B3Vh/WRI176 Vl (BK), it seems reasonable to suppose that the 

increase in detectable IgG following treatment of the WRI176VhAA/RI176 Vl
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supernatant with DNase is a real effect and is due to binding of DNA in the 

supernatant, similar to that which occurs for B 3V h/B 3 V l. Although Puccetti et 

al (1995) reported that some murine monoclonal anti-DNA cross-react with 

DNase I, this sort of cross-reaction would not affect the validity of the results 

described in this chapter, since the total amount of DNase I was the same in 

the "active" and the "inactivated" samples. It was only the ability of this 

DNase to function that differed between the two.

The relative importance of the heavy and light chains in anti-DNA antibodies 

has been a controversial topic. In mice, it has been argued that the nature of 

the V h sequence is dominant in conferring the ability to bind DNA but that 

the V l sequence can alter fine specificity (Radie et al 1991, Radie and 

Weigert 1994). For example, the Vh sequence of the murine anti-DNA mAb 

3H9 can produce anti-DNA antibodies in combination with several different 

light chains, but the fine specificities of these antibodies differ (Radie et al 

1991).

In human mAb, the more extensive mutation of Vh than Vl in many IgG anti- 

DNA (see table 1.5.3) also suggests that the heavy chain may be the 

dominant partner in conferring DNA-binding specificity in these molecules. 

Many exceptions to this rule exist, however, and several authors have 

described antibodies in which mutations create basic residues in Vl rather 

than Vh (Winkler et al 1992, Ehrenstein et al 1994).

Mahmoudi et al (1995) argued that the heavy chain was dominant in the 

human IgM anti-DNA mAb Kim 4.6. They isolated a variant of this hybridoma 

in which, although antibody was produced, it did not bind DNA. The variant 

antibody had the same Vl sequence but a different Vh from the original. 

Since replacement of Vh had abolished anti-DNA activity, this group
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concluded that Vh but not V l was essential for binding DNA. These results, 

however, do not exclude the possibility that both Vh and Vu are equally 

important in this regard. To exclude this, one would have to show that the 

original Vh would still produce anti-DNA antibody in combination with a 

different V l , as Radie et al have done in the mouse (Radio et al 1991).

The data reported in this thesis support the contention that both Vh and Vl 

sequences can be important in human anti-DNA antibodies. WRI176 and B3 

have very different V region sequences. Although heterologous 

combinations of Vh and VLfrom these two mAb produced IgG at yields 

similar to those of the homologous combinations, the binding properties of 

the heterologous and homologous combinations were strikingly different. 

Replacement of either the heavy or light chain of B3 with that of WRI176 

abolished DNA binding as measured by ELISA and also abolished binding 

of DNA in the cell supernatant (as shown by the effect of adding DNase on 

the detectability of IgG). This is consistent with the molecular model of B3 

showing dsDNA in a cleft bounded by residues from ODRs of both chains 

(Kalsi et al 1996). Similarly, replacement of either chain of WRI176 with that 

of B3 abolished binding of DNA in the supernatant.

It would be interesting to study heterologous combinations in which Vh and 

V l are derived from different but very similar antibodies. RH-14 and B3 might 

represent such a pair, since they use the same \ / i  gene. Under these 

circumstances, even heterologous combinations might retain some DNA 

binding activity.
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CHAPTER 5 OVERVIEW AND IDEAS FOR FUTURE WORK

The work described in this thesis advances knowledge of the molecular 

properties of human anti-DNA and anti-phospholipid antibodies in a number 

of ways.

Firstly, the sequence characteristics of human IgG mAb specific for 

negatively charged PL have been defined for the first time. These show 

some features common to IgG anti-dsDNA but lack others (notably arginines 

in VhCDRS). As shown previously in the mouse, a single V region gene can 

encode either a monospecific anti-DNA mAb or a monospecific APL. The 

two specificities are characterized by different patterns of mutations in this 

gene. This supports the central role of antigen driven mutation in the 

production of high affinity, high specificity autoantibodies which are likely to 

be important in disease pathogenesis.

Secondly, the sequence characteristics of the monoclonal IgG anti-dsDNA 

antibody RH-14 have been described. This antibody has been shown to 

deposit in mouse kidney. The elucidation of the sequence and hence the 

three-dimensional structure of this antibody will allow the future design of 

mutagenized variants which can be tested for both binding properties and 

pathogenic properties.

Thirdly, during the review of previous sequence data from human 

monoclonal anti-DNA and APL necessary to discuss the experimental 

results obtained in this project it became clear that much of the interpretation 

of these data in the original reports was based on incomplete knowledge of 

both the potential and expressed human Ig gene repertoire. These data 

have been re-interpreted during the production of this thesis.
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Fourthly, expression of cloned cDNA from human monoclonal anti-DNA 

antibodies in the form of whole IgG molecules has been accomplished for 

the first time. The IgG molecules produced could be shown to bind DNA and 

the capacity of this expression system to allow testing of various heavy/light 

combinations in parallel was used to produce evidence showing that both 

chains may be essential in the binding of DNA.

It should now be possible to use the expression system to test the properties 

of B3 and WRI176 molecules altered by site directed mutagenesis. In 

particular, reversion of the VhCDR2 tryptophan in WRI176 or the VlCDRI 

arginine in B3 would be expected to reduce binding to DNA in COS cell 

supernatant (detected by direct binding ELISA or by the effect of DNase 

digestion on the amount of detectable IgG).

Attempts to clone the Vh region of UK-4 into pG1D1 are continuing. If this 

can be achieved it will be possible to express the combinations B3VH/B3VL 

UK-4Vh/B3Vl, B3Vh/UK-4Vl and UK-4Vh/UK-4Vl and to test these for 

binding to both PL and DNA. One might expect the heterologous 

combinations to bind neither antigen, but by stepwise introduction of 

mutations into the sequence of one of these antibodies to make it resemble 

the other, it may be possible to define characteristics essential for either PL 

or DNA binding.

In collaboration with Dr C.T. Ravirajan the Vh and Vl sequences of RH-14 

are being cloned into the expression vectors. This is designed to allow 

testing of mutant forms of RH-14, as described above. To test functional 

properties, however, it will be necessary to obtain much larger amounts of 

expressed IgG than were obtained from COS-7 cells in this project. The best
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way to accomplish this may be stable transfection of the same expression 

vectors into CHO cells. Since the vectors carry drug resistance markers, 

production of stable cell lines expressing both wild-type and mutant RH-14 is 

a realistic objective. Attainment of this objective would be an important step 

towards testing the hypotheses proposed over many years to explain the 

pathogenic effects of anti-DNA antibodies in SLE.
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APPENDICES

APPENDIX 1 - ONE LETTER CODE FOR NAMES OF AMINO ACIDS

A = Alanine 

C = Cysteine 

D = Aspartic acid 

E = Glutamic acid 

F = Phenylalanine 

G = Glycine 

H = Histidine 

I = Isoleucine 

K = Lysine 

L = Leucine 

M = Methionine 

N = Asparagine 

P = Proline 

Q = Glutamine 

R = Arginine 

S = Serine 

T = Threonine

V = Valine

W = Tryptophan

Y = Tyrosine
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APPENDIX 2 - MAIN PUBLICATIONS ARISING FROM THE WORK 

DESCRIBED IN THIS THESIS

1 ) Rahman A, Menon S, Latchman DS, Isenberg DA. Sequences of 
monoclonal antiphospholipid antibodies: variations on an anti-DNA antibody 
theme. Semin Arthritis Rheum 26: 515-525 , 1996

2) Menon S, Rahman MAA, Ravirajan CT, Kandiah D, Longhurst CM, 
McNally T, Williams WM, Latchman DS, Isenberg DA. The production, 
binding characteristics, and sequence analysis of four human IgG 
monoclonal antiphospholipid antibodies. J Autoimmunity 10: 43-57, 1997

3) Ravirajan CT, Rahman MAA, Lucienne P, Kalsi JK, Martin ACR, 
Ehrenstein MR, Griffiths M, Latchman DS, Isenberg DA. Genetic, structural 
and functional properties of a human IgG anti-DNA autoantibody. Eur J 
Immunol (in press)
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