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A B S T R A C T

Serum IgG Fc has been shown to contain two conserved N-glycosylation sites, on which 
mannose rich, bi-antennary oligosaccharide chains are found. These oligosaccharide 

chains are postulated to conserve the three-dimensional structure of the IgG molecule and 
usually terminate in galactose. A decrease in terminal galactose (resulting in exposure of 
N-acetylglucoseamine (GlcNAc)) was described in rheumatoid arthritis (RA) patients and 
as a function of age in the healthy control population.

This thesis develops two rapid methodologies for the determination of the amount of 

terminal galactose in serum, synovial fluid and supernatant IgG molecules. These 

methodologies were then used to examine this glycoform in RA patients and murine 
models of arthritis.

The age-related decrease of IgG galactose in human control populations was re
established and age-related changes in a variety of autoimmune prone and non-prone 
strains of mice were revealed. Agalactosyl IgG was shown to have a predictive 
value in RA patients presenting with early synovitis and as a longitudinal marker of the 
disease where it could be used to predict disease outcome. ThJ involvement of this 
glycoform in complex formation was analysed along with its relationship between the 
serum, synovial fluid and levels of interleukin 6. Spontaneous (MRL Ipr/lpr mice) and 
collagen induced (DBA/1 mice) models of arthritis were shown to have decreased levels 
of terminal galactose on their serum IgG molecules.

The defect was shown to occur as a pre-secretory event in human peripheral blood and 

synovial fluid mononuclear cells and increased spontaneous production was seen in MRL 

Ipr/lpr spleen and peripheral blood cell suspensions when compared to the same 

compartments in the control strain of mice (CBA/Ca).

Using human T- and B-cell enriched populations and IgG secreting cell lines, T-ceUs and 
the cytokine interleukin 6 were shown to affect the regulation of IgG glycosylation. Sera 

from mice treated with a non-depleting anti-CD4 antibody were also investigated in order 

to provide further clues relating to T-cell regulation of this phenomenon.

Finally a| putative link between mycobacterial infection and decreased serum galactose was 

obseiwed using Freund's complete adjuvant in arthritis prone and non-prone strains of 
mice and by looking at healthy spouses and relatives of RA patients in humans.
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GENERAL INTRODUCTION
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1.1 RH EU M ATO ID  A R T H R IT IS  AN D  IgG

1.1.1 R heum ato id  arthritis

1.1.1.1 Human rheumatoid arthritis
Rheumatoid arthritis (RA) is the commonest of a group of chronic inflammatory diseases 
with autoimmune manifestations. This important group of diseases includes Hashimoto's 

thyroiditis, Grave's hyperthyroidism, juvenile onset (type I) diabetes, systemic lupus 
erythematosus and Sjogren's syndrome. Rheumatoid arthritis is a disorder of as yet 
unknown aetiology that is dominated by debilitation associated with progressive 

destruction of synovial joints. The prevalence of RA ranges between 0.3% and 3.0%, 

with a most common onset age of 16 to 50 years of age (Brostoff et al 1991). No 
aetiological agent or primary antigen has yet been implicated in the genesis of RA. It is 
currently thought that interplay among genetic factors, sex hormones and an infectious 
agent initiates an autoimmune disease with inflammatory and destructive features (Maini 
and Feldmann 1994).
Evidence for predisposition is derived from studies of the major histocompatability 
complex (MHC) class II molecules, indicating that the relative risk of developing RA is 

several times greater in individuals who inherit HLA-DRl or -DR4, specifically the 
subtypes Dw4 and D w l4 (Roitt 1994). There is a strong link between hormones and 
RA: The disease is three times as common in women as in men; is often precipitated by 
pregnancy; improves through pregnancy and usually occurs after menarche and before 
menopause. Stress has also been implicated (but not explained) in the precipitation of RA 

(Soloman 1981).
Rheumatoid arthritis is considered a relatively 'modem' disease since the fiist entries into 

medical literature were not until the eighteenth century. Furthermore, studies of ancient 

skeletons have not revealed conclusive evidence that the disease existed in ancient,

Roman or Mediaeval times (Rogers and Dieppe 1990). Because of this relatively recent 
history, some take the view that RA arose along with an increase in tuberculosis (TB), 

possibly during the industrial revolution. Similarly, a report from South Africa has 

indicated an increased prevalence of RA in tribesmen living in urban surroundings 
compared with their cousins in rural areas (Solomon et al 1975). Rheumatoid arthritis is 
extremely heterogeneous with regard to severity, rate of progression, outcome and life 

expectancy (which may be reduced (Scott et al 1987, Erhardt et al 1989)) and patients 

may suffer from a wide variety of non-articular manifestations including cardiovasculids, 

pleuritis, muscle atrophy, erythema, neurological involvement and Sjogren's syndrome. 

The histological appearance of the joint in RA is consistent with the view that an active 
immunological process in the deeper layers of the synovium provides a stimulus to the 

synovial lining cells to grow out as a malign pannus over the surface of the articular
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cartilage. The synovial membrane which surrounds and maintains the joint space 
becomes intensely cellular as a result of considerable immunological hyperactivity as 
evidenced by large numbers of T-cells, mostly CD4, in various stages of activation, 

usually associated with dendritic cells; there is also an abundance of macrophages bearing 

activation markers. Clumps of plasma cells are frequently observed and sometimes even 
secondary follicles with germinal centres are present (Roitt 1994). The synthesis of 

immunoglobulins by the synovial tissue ranks with that of a stimulated lymph node 
(Smiley et al 1968) which may lead to the formation of immune complexes; these 
complexes can be eluted from RA synovial tissue and are capable of fixing complement. 

Stabilization of these complexes by IgM and complement in the joint space may initiate an 
Arthus reaction and lead to an influx of polymorphs with which they react to release 
reactive oxygen intermediates and lysosomal enzymes. These include neutral proteinases 
and collagenase which can damage the articular cartilage by breaking down proteoglycans 

and collagen fibrils. If complexes are adherent to the cartilage, on binding the polymorph 
is unable to internalize them and releases lysosomal hydrolases into the space between the 

cell and cartilage where they are protected from enzyme inhibitors such as «2- 
macroglobuhn. These aggregates may also directly stimulate the macrophage-like cells of 

the synovial hning through their surface receptors or indirectly through phagocytosis. 
Perhaps of even greater importance are the large number of activated T-cells whose 
secretion of cytokines and growth factors such as TNFa and GM-CSF will also stimulate 
and drive the cells involved in pannus development. As a result of these combined 
cellular activation factors, the synovial cells grow out over the cartilage and at the margin 
of this granulation tissue breakdown can be seen, almost certainly as a result of the 

release of enzymes, reactive oxygen intermediates, prostaglandins and especially of EL-1, 

IL-6 and TNFa. Activated macrophages also secrete plasminogen activator and the 

plasmin formed as a consequence activates a latent collagenase produced by synovial 

cells. The secreted products of the stimulated macrophage can activate chondrocytes to 

exacerbate cartilage breakdown, and osteoclasts to bring about bone resorption which is a 

further complication of severe disease.

1.1.1.2 Murine models o f arthritis
Animal models of arthritis are often used to mirror human disease allowing the freedom to 

have a closer and more indepth look at how this imperfectly understood disease works. 

Several different types are available, including rat, murine, spontaneous and induced. 
Induction of arthritis can be achieved by injecting susceptible strains with a variety of 

arthritogens including Freund's complete adjuvant into rats (Pearson et al 1956), collagen 

type n  (Holmdahl et al 1990) and pristane (Wooley et al 1989) into mice. FCA alone has 

also been shown to induce arthritis in mice (Knight et al 1992). The resulting incidence 

of arthritis depends on a variety of factors including the route of administration of the 
arthritogen, the administration protocol and the strain used. Spontaneous arthritis is
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observed in several strains of mice including the MRL Ipr/lpr (MRL Ipr), DBA/1 and 
NZB mice (Hang et al 1982, Nordling et al 1992, Nakamura et al 1991). These forms of 

arthritis are usually slower in onset than the induced models with the exception of the 
MRL Ipr, which shows signs of an arthritis by three months of age (Hang e ta l  1982). 

Several environmental factors are thought to play a role in the development of 

spontaneous and induced arthritis, such as how 'dirty' or 'germ free' the environment is, 

the stress levels of the animals (i.e. if kept in aggressive conditions like mixing males 
from different litters, the incidence of arthritis will be greater and with a faster onset) and 
hormonal levels (Waites and Whyte 1987, Holmdahl et al 1992).
The arthritis seen in MRL Ipr mice occurs secondarily to a lupus like autoimmune disease 
at about five months of age (Tarkowski etal 1987) and is characterized by circulating 
rheumatoid factor, immune complexes and joint damage consisting of early proliferation 
of synovial cells followed by lymphoid pannus formation (Cohen and Eisenberg 1991); 

there is however, scarce expression of MHC class II antigens in the synovium and no 
infiltration of lymphocytes into the joints (Taikowski et al 1987). Tlie early stages of 
synovial pathology are usually seen at 3-4 months of age consisting of minimal 

destructive changes, by 4-5 months an aggressive destructive process is present and at 5- 
6 months of age extensive joint derangement and articular cartilage destruction has 
occurred (O'Sullivan et al 1985). The Ipr gene represents a retrotransposon integration 

into an intron of CD95 (fas), a molecule involved in ap op to tic signalling (Chu et al 1993) 

which results in multiple autoantibodies and the progressive accumulation of large 
numbers of non-malignant CD4'CD8' T-cells in the lymph nodes and spleen, immune- 
mediated tissue damage and premature death. Although MRL Ipr T-cells can provide 
functional help for MRL Ipr B-cells, they show an imbalance in their cyokine production 
profile (Cohen and Eisenberg 1991, Murray et al 1990, Palacios 1984, Patraca et al 
1990, Prud'homme et al 1983, Wofsy eta l 1981), poor in vitro responsiveness to T-cell 

antigenic and mitogenic stimuli (Altman eta l 1981, Davignon eta l 1988, Fischbach etal 
1984) and poor allogeneic mixed lymphocyte reactions (Altman et al 1981). The B-cell 

defects associated with this strain include abnormal activation (Dziarski et al 1985), 

increases in serum immunoglobulin (especially IgG) and the appearance of high titres of 

autoantibodies (Andrews et al 1978) to a wide variety of antigens (Cohen and Eisenberg 

1991). Defects in other cell types from this strain have also been reported, including 

enhanced activation of peritoneal macrophages (Dang-Vu et al 1987) and decreased 

responsiveness of neutrophils (Gresham et al 1991).

Collagen induced arthritis was first described in mice by Courtney et al in 1980.

It is maximally induced in mice with the H-24 or H-2^ haplotype which include DBA/1, 

BIO and BUB and by using heterologous (bovine, rat or chick) collagen type II (Wooley 

1988). Male DBA/1 mice have an incidence of 100% compared to 60% in females 
(Holmdahl et al 1990). The induction of the arthritis initially requires an intradermal 
sensitization in which Langerhan's cells act as the antigen presenting cells. They then

25



move to the T-cell dependent area of the draining lymph nodes, activating antigen specific 
T-cell clones (Matsuno et al 1991). Overall, however, a relatively weak T-cell 

proliferative response in both the lymph nodes and spleen is generated (Wooley et al 
1988). Conversely, a strong and rapid B-cell activation in primary response to 
immunization with collagen is seen (Holmdahl et al 1990) consisting of a complex array 
of autoantibodies to collagen with a prolonged rise in IgG2a and IgG2b anti-collagen

antibodies (Matsuno et al 1991) and the generation of some rheumatoid factor-like 
antibodies (Holmdahl eta l 1987). The timing of disease onset is varied and may depend 

upon the immunization protocol. Usually, after about four weeks some mice show 

apparent arthritic symptoms, whilst at about six weeks, severe joint swelling and 

erythema with or without joint deformity is seen in most mice. By eight weeks joint 
deformity and distinct inflammatory signs are observed (Matsuno etal 1991, Wooley 
1988). Immunohistopathologic analyses of joints reveals similarities with human 
rheumatoid joints including large numbers of MHC class II antigen expressing 
macrophage-like cells with infiltration of activated CD4+ T-cells (Holmdahl et al 1991). 
Both anti-collagen type II specific T-cells and anti-coUagen type II auto antibody 

containing sera from arthritic mice have been shown to transfer the arthritis to naïve 

recipients (Kakimoto eta l 1988, Stuart and Dixon 1983).

1.1.2 Im m unoglobulins and rheum atoid arthritis

There is a large B-cell involvement in RA including increased immunoglobulin secretion 
by both circulating peripheral blood and synovial fluid B-cells (Bell and Pinto 1984). In 

addition to a raised frequency of autoantibodies to a wide range of non-organ specific 
antigens, including single stranded DNA, histones, cytoskeletal components, collagen 

type n  and the minor cartilage collagens (types V, VI and IX, Jasin and Taurog 1991), 

the most characteristic serological feature of RA relates to anti-IgG Fc or rheumatoid 

factor (RF) and there is an active attraction of rheumatoid factor producing B-cell 

precursors towards the sites of inflammation (Moynier et al 1992). RF was first 
documented by Waaler (1940) and Rose et al (1948) and it is now universally recognised 

that both seronegative and seropositive adult RA patients as well as various forms of 

juvenile chronic arthritis (JCA) patients have elevated levels of RF (Torrigiani et al 1967, 
Hay eta l 1975, Haynes et al 1986). Rheumatoid factors are defmed as autoantibodies 

specific for epitopes on the Fc fragment of the IgG molecule, they may be of any 
immunoglobulin isotype and do not only occur in RA and JCA; high titres of IgG and 

IgM RF are, however, characteristic of the disease. Although IgM RF occurs in normal 

healthy controls as a component of the 'natural antibody' subset (Casali et al 1989), the 

RF in RA are distinctive in that they can be of all immunoglobulin isotypes (indicating T- 
cell participation in antibody class-switch, Gioud-Paquet et al 1987), have a higher
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avidity for human IgG than rabbit IgG and use the germline V h III genes more frequently 
than other Vh genes (Hay et al 1991). RA IgG RF is somatically mutated (in comparison 

to monoclonal RF which use germline immunoglobulin genes) suggesting maturation 

either by specific antigen stimulation or other activation signals such as cytokines (Hay et 

al 1991). A bias towards particular IgG subclasses has been seen in the RA synovium 
(Munthe and Natvig 1972) and more recently IgG secreting B-cells in the RA joint have 
been shown to over-represent certain subclasses and light chains of IgG (Brown et al 
1990) indicating that the B-cells are under an, as yet unidentified selective influence.
The presence of IgG RF has special significance in that IgG, being both antigen and 
antibody, can self-associate to form immune complexes capable of binding IgM 

rheumatoid factor and complement Substantial evidence favours the view that RF 
contribute to tissue injury including the fmding that they are a prominent constituent of the 

immune complexes in the sera, the synovial fluid and polymorphs of RA patients. In 
fact, up to 90% of synovial B-cells have been shown to be making RF (Youinou et al 
1984). These complexes in turn can activate the acute inflammatory reaction which gives 

rise to synovial effusions and contributes to pannus formation through immune complex 
activation of synovial fluid macrophages as described earlier. RF's are largely the 
product of the B 1 subset of B-cells mostly expressing the CD5 marker (usually expressed 

on T-cells and 5-20% of circulating B-cells in normal adults, Calvanico 1993) and this 
subset of B-cells is increased in RA patients (Plater-Zyberk et al 1985). CD5+ B-cells 
from healthy controls can be stimulated by EB V to produce RF and limiting dilution 

analysis revealed that many of the CD5+ B-cells are committed to the production of 
antibodies with RF-like activity (Casali et al 1987). Another important feature of CD5+
B-cells with RF on their surface is that they may act as antigen presenting cells through 
binding to IgG complexes thereby capturing antigen for processing and presentation to T- 

cells.

1.2 IgG  STR U C T U R E  A N D  G L Y C O SY L A T IO N

1.2.1 IgG  S tructure

Immunoglobulin G is possibly the most interesting immunoglobulin class in RA, since it 

is able to act as both antigen and antibody in the formation of immune complexes. The 

increased levels of IgG in the sera and synovial fluid of RA patients, along with increased 

immune complexes, has led to many searches for a structural cause within the IgG 
molecule itself (other than RF activity) to account for the apparent involvement of this 
immunoglobulin class in this disease.
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Early studies showed the bulk of antibody activity in serum to be in the slow 
electrophoretic fraction termed y-globulin (subsequently immunoglobulin). In 1959 

Porter (1959) showed that the rabbit y-globulin molecule could be split, by the action of 

papain into two Fab (antigen binding) and one Fc (crystallizable, complement and cell 

binding) fragments and that the immunoglobulin molecule was composed of two heavy 

and two light chains. Each of the heavy chains in rabbit IgG folds into three domains 

(designated Cr I, Cr 2 and Cr 3), and each domain consists of a 'sandwich' of two anti
parallel p-sheets. These domains have subsequently been defmed as immunoglobulin 

domains and are conserved throughout a large variety of cell surface molecules including 
the T-ceU receptor and cell adhesion molecules CD4 and CDS. Such molecules are 
consequently defmed as containing 'immunoglobulin like' domains and are part of the 
immunoglobulin supergene family.
Porter also showed that the major glycosylation site of IgG was within the Fc, where it is 

now known that all five classes of human (and probably other species) immunoglobulin 
contain carbohydrate. Interestingly, there is considerable homology in the exact sites of 
substitution of the Fc piece with the carbohydrate units, which suggests that the necessary 
aminoacid sequences allowing oligosaccharide attachment have been highly conserved 
and points to an important structural and functional significance of the presence of 
carbohydrate. Light chain glycosylation is far less conserved and nearly always falls in 

the variable region since no potential glycosylation site is contained on the constant region 
of the light chain. However, 15% of IgG light chains in human sera are glycosylated 
(Wright and Morrison 1993).
Any given human serum IgG molecule contains, on average 2.8 iV-linked 
oligosaccharides of which two are invariably located in the Fc attached to asparagine 297. 
This asparagine residue is to be found on a sharp bend between two adjacent strands of p- 

sheet at the end of the Ch2 domain distant from the Ch3 domain, in the sequence Gln- 

Gln-Phe-Asn-Ser-Thr-He (Sutton and Phillips 1983). The attached oligosaccharide is a 

biantennary complex type oligosaccharide with the basic structure:

Neu5Aca2“ 6Galpl—4GlcNAcpl—2M anal
\  (Fucal)

6 I
(GlcNAcpl)— 4Manpi— 4GlcNAcpi— 4GlcNAc 

3

Neu5Aca2— 6Gaipi—4GlcNAcpl—2M anal^^^

Figure 1.1 The biantennary oligosaccharide associated with IgG, showing the linkages 
between the monosaccharides where Neu5Ac = siahc acid. Gal = galactose,

GlcNAc = TZ-acetylglucosamine, Man = mannose and Fuc = fucose.
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Another distinctive feature of IgG oligosaccharides is their structural multiplicity. The 
presence of sialic acid is unusually low in IgG with only 24-25% of chains being 
terminally sialylated (Kobata et al 1989). More variety is afforded to Fc oligosaccharides 

by the presence or absence not only of terminal sialic acid (only present on approximately 

10% of Fc oligosaccharides), but also of the presence of a fucose attached to the first 

GlcNAc residue and the presence of a bisecting GlcNAc on the first mannose residue 

(depicted in brackets in figure 1.1). This bisecting GlcNAc is n o t, however, present on 

murine IgG Fc oligosaccharides (Mizuochi et al 1987). More importantly, galactose may 
or may not be present on either arm and GlcNAc is seen to be missing from one arm in 

some molecules. In all, up to 22 glycoforms of IgG Fc oligosaccharides have been 

shown to exist in human serum IgG (Parekh et al 1985). This large number of different 

structures associated with IgG is not a result of studying a polyclonal population, since 

similar heterogeneity was found upon analysis of myeloma and hybridoma IgG 
(Mizuochi et al 1982, Rademacher et al 1986, Takahashi et al 1987). The non-conserved 
light chain oligosaccharide chains are also reported to show microheterogeneity and 
assymetry in attachment (i.e. they may be present on one Fab and not on the other). 
Increased amounts of sialic acid have also been reported on Fab associated carbohydrate 
moieties along with increased levels of bisecting GlcNAc when compared to the Fc 
(Wright and Morrison 1993).

Crystallographic studies of IgG Fc fragments have shown that, unlike other 
immunoglobulin domains, the two Cy2 domains do not interact directly. The resulting 
interstitial region accommodates the complex oligosaccharides attached to asparagine 297 
on each heavy chain such that one of the a -1,3 arms interacts with the trimannose core of 
the opposing oligosaccharide. The a(I-6) antenna of each oligosaccharide interacts with 

the hydrophobic and polar residues on the domain surface (Opdenakker et al 1993). 

Unusually for glycoproteins, these conserved Fc oligosaccharide moieties are relatively 

inaccessible, being buried within the IgG molecule, and are postulated, by their 

positioning (and association with each other), to hold the two Cy2 domains apart helping 

to maintain biological activities of the Fc (Rademacher et al 1983) as depicted in figure 
1.2 .
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Antigen binding
Fab

Light chain

Heavy chain

Figure 1.2 IgG immunoglobulin domains and the positioning of the Fc oligosaccharides, 
where Cy and CL = the constant domains of the IgG heavy and light chains 
respectively, VH and VL = the variable regions of the heavy and light chains 
respectively and^##*= Fc oligosaccharides.

1.2.2 O ligosaccharide assem bly

Only a few side chains of the aminoacid residues usually found in proteins are suitable for 
the attachment of a mono- or oligosaccharide including asparagine, serine, threonine, 
hydroxylysine, hydroxyproline, tyrosine, glutamic acid, aspartic acid, cysteine (Hughes 
1983, Dwek et al 1993) and more recently tyrosine (Lis and Sharon 1992).

A very common linkage involves the 0(1) of monosaccharide and the nitrogen of the 
amide group of asparagine, after which the sugar residue forms the point of attachment of 
other monosaccharides.

The carbohydrate chains attached to polypeptide in this fashion are V-glycans (or N  - 
linked glycans). The main alternative form of attachment is 0  -linkage, which involves 

the the attachment of monosaccharides through C (l) by glycosidic bonds to the oxygen of 

the hydroxylated side chains of serine, threonine, hydroxylysine, hydroxyproline or 
tyrosine. Another form of linkage has been shown, where the carbohydrate is attached to 

the C-terminal aminoacid of the protein via ethanolamine phosphate and is called the 
glycosyl-phosphatidylinositol (or GPI) anchor. This linkage is not strictly a 
glycosylation process since the sugar is not bound to the polypeptide chain by a 
glycosidic linkage. V-linked oligosaccharides are the most common type found on 
glycoproteins and were thought to be acetylglucosamine attached to asparagine. Now,
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however, acetylgalactosamine, glucosamine and L-rhamnose as well as 
acetylglucosamine have been shown to be //-linked (Lis and Sharon 1992). In an 
individual glycoprotein, more than one carbohydrate unit is often present, attached at 

different positions by either an O - or / /  -linkage or both and partial site-occupancy, 

where a potential N  -o v O  -linked glycosylation site on the protein backbone may or may 
not be occupied, is also observed. Moreover, each attachment site frequently 

accommodates different glycans, a phenomenon referred to as site heterogeneity. This 
means that a glycoprotein is isolated, not as a single structural entity, but as a set of 
glycosylated variants of a common polypeptide creating discrete subsets or glycoforms of 
a glycoprotein. All classes of human immunoglobulins have heavy chain N  -linked 

carbohydrates, but the position and type (whether the carbohydrate is complex or simple) 

varies considerably. IgAi and IgD also contain 0-linked sugars in the hinge region of the 
molecule. IgAl has two N- and 5 0-linked oligosaccharides sites whereas IgD contains 

three N~ and four O-linkage sites (Woof and Amin 1994). Furthermore, the two 
allotypes of IgA% have different potential A^-glycosylation sites (Kerr 1990). IgM 
contains at least five //-linked oligosaccharides per monomer, two of which are simple 
and three complex oligosaccharides (Shimizu et al 1971). IgE has six //-linkages (Woof 

and Amin 1994) containing complex and simple structures (Winkelhake 1978).

Protein //-glycosylation starts with the assembly of an oligosaccharide core precursor 

which takes place in the endoplasmic reticulum (ER) on the lipid carrier dolichol 

phosphate (Dol-P). Sugars are added in a stepwise fashion with the first seven sugars 
(two GlcNAc and five mannose residues) derived from the nucleotide sugars, UDP- 
GlcNAc and GDP-mannose, followed by another seven sugars (four mannose and three 
glucose) derived from the lipid intermediates, Dol-P-mannose and Dol-P-glucose. The 
actual site of the first set of lipid linked oligosaccharides is not fully understood since 

nucleotide sugar donors are unable to pass through the Hpid büayer. Evidence has 

accumulated, however, for the existence of proteins which mediate the transport of sugar 

nucleotides across the membranes of the endoplasmic reticulum allowing assembly within 

the lumen (Lis and Sharon 1993). Otherwise it is thought that the first seven may be 
added on the cytoplasmic surface of the ER, transferred across to the luminal surface and 
the second seven added there (Komfeld and Komfeld 1985). Once assembled, the 
oligosaccharide core precursor is transferred to the nascent protein backbone in the rough 
endoplasmic reticulum (RER) under the control of oligosaccharyltransferase. A series of 

glucosidases and mannosidase trim terminal sugars from the structure before it is 

transferred to the cis Golgi cistemae by means of vesicles which are believed to bud from 

the RER. Once in the G olg i, movement is from cis, through medial to trans cistemae by 
vesicular transport In the cis Golgi cistemae a subset of glycoproteins (destined to 

become lysosomal enzymes) undergo a mannose phosphorylation, whilst the rest are 

further trimmed by mannosidases and transferred to the medial Golgi. Here the structures 
are further processed by the addition of a GlcNAc residue, followed by the removal of
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two more mannose residues and a subsequent addition of another GlcNAc. At this stage 

fucosyltransferase may act to transfer a fucose residue to the innermost GlcNAc on the 
oligosaccharide. The final steps occur in the trans Golgi cistemae and consist of addition 
of outer chain galactose and sialic acid residues catalyzed by galactosyl- and 

sialyltransferases. The newly synthesized glycoproteins then exit the Golgi and are 
transported to their final destination (Komfeld and Komfeld 1985).

The timing of these glycosylation events in relation to heavy and light chain association 

and formation of disulphide bonds between these IgG subunits has been suggested to be 

of considerable importance. It is thought that heavy and light immunoglobulin chains are 
synthesised and partially assembled on separate polyribosomes, carbohydrates then being 

added to the molecule in the RER. The chains then enter the cistemae of the ER and the 
four chain molecule is formed in the cisternal space. The order of disulphide bond 
formation is reported to vary between immunoglobulin subclasses; for example human 
IgM is reported to produce disulphide bonds between heavy and light chains before those 

between the two heavy chains, whereas the reverse is reported for human IgG. The 

completed molecule is then transported to the Golgi complex where the final 
carbohydrates are added (Hughes 1983). This timing of interchain association may 
explain why no reports of agalactosyl IgM Fc oligosaccharides have been made in 
comparison to IgG (see below). In other words, since the two heavy chains are linked 

together sooner in IgG than in IgM molecules (thereby making the Fc oligosaccharide less 
accessible sooner), there is less opportunity for terminal glycosylation to occur.

1.3 A B N O R M A L ITIE S IN  IgG  O LIG O SA C C H AR ID ES

The microheterogeneity of serum IgG oligosaccharides of healthy individuals suggests 
that changes in glycoform are a normal part of glycoprotein glycosylation. Indeed other 

glycoproteins such as enzymes like ribonuclease B, cell surface carbohydrates like 
leukosialin and other cell surface molecules such as CD45 have been shown to vary their 
glycoforms upon activation or stimulation or with maturation (Rudd et al 1994, Filler et al 

1988, Pulido and Sanchez-Madrid 1990, respectively). Recently, an increasing number 

of diseases have been associated with glycosylation changes of glycoproteins. For 

example the tumour product alpha-fetoprotein, gastric mucin in RA, the serum 

glycoprotein a2-macroglobulin in RA and S E E , acute phase proteins a  1-acid 

glycoprotein and a  1-protease inhibitor in severely burned persons and al-acid 
glycoprotein in RA, SEE and ankylosing spondylitis (Taketa 1990, Finnen et al 1988, 

Silvestrini et al 1989, Pos et al 1990, Mackiewicz et al 1987, Mackiewicz et al 1989
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respectively),! all show unusual changes implying an important role for glycobiology in 

disease.

1.3,1 A glycosyla ted  IgG

Human IgG molecules completely lacking Fc oligosaccharides have not been described as 
naturally occuring glycoforms of IgG either in healthy subjects or in patients with 
disease, underlying the importance and conservation of these structures within the Fc. 

Some groups, however, have artificially removed the carbohydrate from the molecule. 

This can be done using glycosidases or by culturing IgG secreting hybridoma cells in the 
presence of the TV-linked oligosaccharide inhibitor tunicamycin to investigate which IgG 

functions require carbohydrate (Walker e ta l 1989). These experiments have been more 
widely conducted in animal models using both the above techniques. Glycosidase 
digestion is usually done in sequence since some of the monosaccharides cannot be 
removed unless they are in a terminal position on the oligosaccharide chain (Koide et al 
1977, Murray et al 1988), however, a single step hydrolase has been used (Winkelhake et 
al 1980). Aglycosyl IgG produced by tunicamycin inhibited hybridomas and 
plasmacytomas are also widely described using animal models (Nose and Wigzell 1983, 
Leatherbarrow et al 1983, 1985, Heyman et al 1985, Lund et al 1990).

1.3.2 Agalactosylated  IgG

1.3.2.1 Human agalactosyl IgG or 'GO'
Naturally occuring abnormalities in the glycosylation of IgG were reported as long ago as 

1974, when Johnson et al showed altered patterns of circular dichroism (a 

spectropolarimetric method of studying conformation changes in macromolecules) 

between RA and control IgG. The same group also showed that these changes were 
present in the IgG from tuberculosis and systemic lupus erythematosus (SLE) patients. 

The probable explanation of alteration in these patterns was a change in the carbohydrate 

moieties of the molecules. It was, therefore, particularly interesting when MuUinax 

reported abnormalities in the oligosaccharide profiles of IgG from rheumatoid arthritis 

and SLE sera in 1975. He reported decreases in the levels of galactose in the IgG Fc 

oligosaccharides from these patients in comparison to normal healthy IgG. These 

findings were largely ignored until 1985, when Parekh et a l , whilst studying the 

microheterogeneity of IgG Fc oligosaccharides, reported similar findings in rheumatoid 

and osteoarthritis patients. As described earlier, each oligosaccharide chain has two 

terminal sugars, each of which may terminate differently and the absence of galactose 

results in the exposure of TV-acetylglucosamine (GlcNAc, figure 1.3):
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Gal Gal Gal

GlcNAc GlcNAc GlcNAc GlcNAc GlcNAc GlcNAc

G2' G l ' 'GO'

Figure 1.3 The three possible terminal sugar combinations with respect to galactose 
(Gal) and //-acetylglucosamine (GlcNAc) per human IgG Fc 
oligosaccharide chain.

Thus, a measure of 'GO' would be the percentage of oligosaccharide chains completely 
lacking galactose and the description 'agalactosyl' IgG most usually refers to 
oligosaccharide chains terminating as GO'.
In 1988, on closer inspection of the osteo- and rheumatoid arthritis patient levels of 
agalactosyl IgG, Parekh et al (1988a) showed that this glycoform occun*ed as a function 
of age within the healthy control population and that the osteoarthritis patients levels fell 
within this range. Interestingly, GO levels have been found to fluctuate within the control 
population and maximally during pregnancy. The levels fall throughout pregnancy and 
then rise quite dramatically post partum to levels higher than before conception (miiToring 

disease activity very closely in the case of RA patients) suggesting a possible hormonal 
control of this defect (Rook et al 1991a). Since then, raised IgG GO levels have been 

shown to exist in a limited number of diseases including juvenile chronic arthritis 
(Mizuochi eta l 1982, Parekh etal 1988b, Bahr e ta l 1990, Sumar e ta l 1991a, Tsuchiyaet 
al 1993), tuberculosis (Parekh e ta l 1989, Tsuchiya eta l 1993, Rook et al 1994), Crohn's 

disease (Parekh et al 1989, Pekelharing et al 1988, Parkkinen 1989, Dube et al 1990, 

Tsuchiya et al 1993), Castleman's disease (Nakao et al 1991), some cases of systemic 

lupus erythematosus (Parekh eta l 1989, Tomana eta l 1988, Tsuchiya et al 1993), 
Sarcoidosis (O'Connor et al 1992a) and leprosy patients with erythema leprosum 

nodosum (Filley et al 1989) as well as RA (Parekh et al 1985, Tomana et al 1988, Sumar 

et al 1990). Furthermore, studies on IgG subclasses from RA patients have shown that 

the increased levels of agalactosyl IgG are seen in IgGi, IgG% and IgG4 with the most 
significant difference from control IgG in the IgG2 fraction (Tsuchiya et al 1994). It was, 

perhaps unexpected, that raised levels of IgG GO were not seen in all inflammatory 
diseases, since normal levels were recorded in patients with most other forms of leprosy, 

acute rheumatic fever, klebsieUa and parvovirus infections and AIDS (Parekh et al 1989) 
indicating that this defect is not simply a marker for acute inflammation. It has been 

suggested that T-cell mediated damage and an acute phase response are required in order
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for GO to be raised or involved in a disease (Rook 1988) and most current studies 

concentrate on the regulation and effect this defect has on the function of the IgG 
molecule

1.3.2.2 Murine agalactosyl IgG

The obvious question of whether similar decreases in IgG galactose levels are seen in 
animals and animal models of arthritis and other inflammatory diseases has been partially 
investigated. The earliest reports were of murine studies when in 1990, Mizuochi et al 
looked at the MRL Ipr autoimmune and the congenic MRL +/+ strains of mice. This 

group showed that IgG Fc oligosaccharides chains lacking galactose existed in both 
strains but were significantly greater in the MRL Ipr mouse which also develops 

rheumatoid arthritis-like articular changes (as discussed earlier). The same year this 
finding was corroborated (Bond et al 1990) and compared to three other mouse strains; 
CBA/Ca, C57B1/6 and BALB/c, in which more 'normal levels' (or lower binding to a 
GlcNAc specific lectin) were seen in comparison to MRL +/-I- and Ipr mice. Agalactosyl 
IgG was also described in two induced murine models of arthritis; male DBA/1 mice 
injected with collagen type II were reported to have increased IgG GO levels when 
compared to controls (Jones et al 1992) and similarly Rook eta l (1991b) showed a rise in 
agalactosyl IgG followed by the onset of arthritis after injection of pristane into male 

CBA/Igb mice. Subsequently, the presence of increased IgG GO in murine models of 
arthritis has been corroborated several times (Hitsumoto et al 1992, Jones et al 1992, 
Thompson eta l 1992, Ghoraishian eta l 1993, Jeddi eta l 1994, Rademacher e ta l 1994a) 

emphasising the involvement of this defect in these models. Agalactosyl IgG has also 
been reported in Lewis rats with adjuvant induced arthritis (Yagev et al 1993) and arthritis 

susceptible King Charles' spaniels (Tom Rademacher, personal communication).

It is fascinating that, as with human rheumatoid arthritis patients (and healthy human 
controls), in mice the levels of agalactosyl IgG decrease through pregnancy, rising to 

what is often an all-time high post-partum (Rook et al 1991a)

1.3.3 O ther changes in IgG  carbohydrates

1.3.3.1 Glycated IgG
The glycation of proteins is not strictly 'glycosylation' as it is a non-enzymatic process of 

sugars becoming covalently attached to amino groups of proteins. Increased glycation is 

seen on IgG, IgA and IgM in the sera of diabetes melHtus patients. Glycated IgG has 

been reported to have decreased ability to fix complement and when artificially glycated 

murine IgG is cleared much faster in vivo (Kennedy et al 1993). A decrease in Protein A 
and the C lq  component of complement binding by human glycated IgG has also been 
shown (Dolhofer and Gerbitz 1990) showing Fc function is impaired. Fab properties
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such as antigen-binding capacity and antibody affinity, however, were unaffected. These 
changes were suggested to be involved in the impairment of IgG function, leading to the 
increased prevelance of infection in these patients.

1.3.3.2 Sialylation changes

Abnormalities in the content of sialic acid on IgG oligosaccharides have been reported. 

Due Dodon and Quash showed that IgG (and IgM) from rheumatoid arthritis patients 
contained lower levels of terminal sialic acid and that these molecules were more likely to 

be involved in rheumatoid factor activity (1981). This was corroborated in a study by 
Casbum-Budd et al (1992). Decreased levels of IgG sialic acid have also been 
demonstrated in patients with primary Sjogren's syndrome (Youinou et al 1992).

1.3.3.3 Other changes in IgG oligosaccharides
Contrary to the belief that most IgG Fc oligosaccharides contain at least one 
agalactosylated arm (in order to associate with the other oligosaccharide chain for 
maintenance of Fc conformation), IgG molecules with fully galactosylated Fc 
oligosaccharides have been described (Takahashi et al 1987, Jefferis et al 1990). In the 
same study, the authors reported polyclonal IgG Fc oligosaccharide arms terminating in 
mannose. An explanation of the possible biological significances of these glycoforms is 
eagerly awaited. Rheumatoid IgG has also been reported to show increased binding to a 
variety of lectins specific for mannose. These molecules have also been shown to inhibit 
Fc phagocytosis more effectively than healthy control IgG samples which is suggested to 

be due to the increased exposure of mannose residues in rheumatoid IgG. Indeed, 
treatment with a-mannosidase and not p-galactosidase diminished this inhibition (Malaise 
et al 1986,1987). Two murine monoclonal IgG%a antibody preparations have been 

shown to contain 0-linked oligosaccharides (Coco-Martin eta l 1992). These have also 
been reported on murine IgGib in the hinge region and are purported to protect the 

molecule from protease attack (Kim et al 1994)

1.4 IgG  G LYC O SYLATIO N  CHANGES: E F F E C T  O N IgG F U N C TIO N

One of the main areas of research into agalactosyl IgG at the moment is the effect these 

glycoforms may have on the function of the IgG molecule.

1.4 .1 A g lycosyla ted  IgG

Only one group has reported on the effect of aglycosylation of human IgG on the function 
of the resulting molecule (Walker et al 1989). This group showed a decrease in FcyRI
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and FcyRH mediated rosette formation (on U937 and K562 cells respectively) suggesting 
that interaction with Fc receptors is highly dependent on IgG Fc conformation and that the 
carbohydrate of the Fc serves to stabilize this conformation.

These findings have been corroborated and widened by looking at murine aglycosylated 

IgG. Culturing IgG-producing cell lines in the presence of tunicamycin, produces IgG 

which lacks several important biological functions such as decreased complement fixation 

and activation (Nose and Wigzell 1983, Leatherbarrow et al 1985, Heyman et al 1985) 
which was further described as due to a three times faster dissociation rate when 
compared to glycosylated IgG rather than a decrease in binding to C lq  (Leatherbarrow et 
al 1985). Decreases in binding to FcyR on a variety of cell types including human 

monocytes (Leatherbarrow eta l 1985), macrophages (Nose and Wigzell 1983, Heyman 

et al 1985) and human killer cells (Lund et al 1990) have also been described, as well as a 
decrease in the elimination of complexes from the circulation and antibody-dependent 

cellular- cytotoxicity (Heyman et al 1985, Nose and Wigzell 1983). These findings have 

also been mirrored in studies on rabbit aglycosylated IgG generated by culture with 

tunicamycin (Winkelhake et al 1980) and by glycosidase digestion (Williams et al 1973, 
Koide et al 1977). Unaffected properties of IgG included antigen binding of Fab 
fragments (Williams et al 1973, Winkelhake et al 1980, Heyman et al 1985, Nose and 
Wigzell 1983) and protein A binding (Heyman et al 1985, Nose and Wigzell 1983, 
Leatherbarrow et a/1983). These studies suggest that the N-linked oligosaccharides of 
IgG which occur at the conserved position in the Ch2 domain, play an important role in 
maintaining the integrity/conformation of the Fc for effective function.

1.4.2 Agalactosylated IgG

Studies on the effects of agalactosylation of IgG on Fc function and conformation of the 

molecule are few and of relatively recent history. Decreased Fey receptor binding by 

U937 cells of GO IgG have been shown (Tsuchiya et al 1989) suggesting that negative 

feedback immunosuppression of IgG production by B-cells and hence a continuous 

secretion of agalactosyl IgG may occur as a result The same group also showed that 

agalactosyl IgG binds less effectively to C lq and may lead to reduced clearance of 

immune complexes containing this glycofom. A recent study shows decreased binding to 

FcyRI (on monocytes) and FcyRIII (on killer cells) leading to decreased antibody- 

dependent cellular-cytotoxicity (Kumpel et al 1994) of anti-rhesus D IgG molecules with 
lower levels of terminal galactose. These same antibodies, however, did not show 

decreased binding to FcyRI on U937 cells in rosette formation assays.

Agalactosyl IgG has been postulated to increase self-association of IgG molecules (Roitt 

et al 1988). This is hypothesized to be due to the exposure of a 'lectin-like' pocket on the 

Fc when terminal galactose is missing from the Fc oligosaccharide. The more exposed
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terminal galactose moieties of the Fab portion of neighbouring IgG molecules might then 
be able to associate with this 'pocket' causing auto-aggregation (figure 1.4):

Fab X  Fab

Figure L4 Two models for the association of agalactosyl IgG. One involves
the recognition of Fab combining sites with newly revealed epitopes 
on the Cy2 of the Fc (left) while the other involves the insertion of 
Fab oligosaccharides ( ) into the 'lectin' like pocket generated by
the lack of Fc galactose. A combination of the two may also occur.

A dapted from Rademacher et al 1988.

A few examples of increased complex formation and autoaggregation of IgG molecules 

with increased levels of GO have been reported, but as of yet no large, convincing study 
has been published. One group showed increased GO IgG levels in synovial fluid 
immune complexes of RA patients when compared to the uncomplexed IgG in the same 
samples (Leader et al 1993, personal communication). A murine study on polyethylene 
glycol precipitated complexes from the sera of MRL Ipr mice showed increased 

Bandeiraea simplicifolia binding (a lectin specific for terminal N-acetylglucosamine) 

indicating increased amounts of agalactosyl IgG in these complexes, but also reported an 

increase in binding to ricinus communis agglutinin (a lectin specific for terminal 

galactose). This, they suggest, could be due to an increase in exposed terminal galactose 

on Fab fragments which may be involved in the autoaggreation of the IgG molecules 

(Bond et al 1990). The most recent evidence for the pathogenicity of agalactosyl IgG 
comes from a study by Rademacher et al (1994a). This group enzymatically stripped IgG 

molecules (from collagen induced arthritic DBA/1 mice) of terminal galactose and injected 

them into recipients previously sensitized with denatured collagen in complete Freund's 

adjuvant. The arthritis produced in these animals was far more severe when these 

agalactosylated antibodies were passively transferred as compared with the untreated IgG.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 MATERIALS

2.1.1 Im m unochem istry

2.1.1.1 Chemicals

AU electrophoreisis chemicals were 'ELECTRAN' grade and ail other reagents were 
'ANALAR'

Acrylamide
A,A^-MethylenebisAcrylamide
A^-hydroxysuccinimidobiotin

Dithiothreitol
Glutaraldehyde solution
Naphthol blue/black

Polyethylene glycol 6,000
N,//,A^,7V'-Tetramethylethylene-diamine
Tris(hydroxymethyl)methylamine
Polyoxyethylene sorbitan monolaurate (Tween 20)

Merck Ltd., Leicestershire, UK 
Merck Ltd., Leicestershire, UK 
Sigma Chemical Co., Dorset, UK 
Sigma Chemical Co., Dorset, UK 
Merck Ltd., Leicestershire, UK 
Sigma Chemical Co., Dorset, UK 

Merck Ltd., Leicestershire, UK 
Merck Ltd., Leicestershire, UK 
Merck Ltd., Leicestershire, UK 
Sigma Chemical Co., Dorset, UK

Sigma Chemical Co., Dorset, UK
2.1.1.2 Substrates 
4-chloro- 1-naphthol
2,2'-azino-bis(3 ethylbenzthiazoline-6 sulphonic acid) Sigma Chemical Co., Dorset, UK 
p-Nitrophenyl Phosphate tablets Sigma Chemical Co., Dorset, UK

Bio-Rad protein assay dye reagent concentrate Bio-Rad Laboratories Ltd,

Hertfordshire, UK

2.1.1.3 Matrices/membranes 
Nitrocellulose membrane (0.45 pm)

Diethylaminoethyl ceUulose (DE52)

Sephadex G-25

CNBr-activated Sepharose 4B

Schleicher & Schuell/Anderman 

and Co. Ltd., Surrey, UK 
Whatman Scientific Ltd., Kent, 

UK

Pharmacia Biotechnology, 

Buckinghamshire, UK 

Pharmacia Biotechnology, 

Buckinghamshire, UK

2.1.1.4 Proteins
SDS Molecular weight markers

Bovine serum albumin

Sigma Chemical Co., Dorset, UK 

Sigma Chemical Co., Dorset, UK
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Goat serum
Immunoglobulin/C3c standard serum (human) 

Human IgG

Calibrated mouse serum 

Murine IgGi

Sigma Chemical Co., Dorset, UK 

Behring Diagnostics, London, 
UK

Sigma Chemical Co., Dorset, UK 

The Binding Site Ltd., 
Birmingham, UK 

Sigma Chemical Co., Dorset, UK

2.1.1.5 GO Assays
Protein A, extracellular from S. aureus
Streptavidin-HRP

Bandeiraea (Griffonia) Simplicifolia-hioûn 

Ricinus communis agglutinin

Sigma Chemical Co., Dorset, UK 
DAKO Ltd., Buckinghamshire, 
UK
Vector Laboratories Inc., 

Cambridgeshire, UK 
Kind gift from Dr A. Forrester

2.1.1.6 Non-sterile plastics
96 weU, flat-bottomed, maxisorp microtiter plates Life Technologies, Renfrewshire, 

UK

2.1.1.7 Proliferation Assays 
Tritiated thymidine

Glass filter mats

ICN Biomedicals, 
Buckinghamshire, UK

2 .1 .2  A n tibod ies

2.1.2.1 Human

P(ab')2 goat anti-human IgG
P(ab')2 goat anti-human IgM

Sigma Chemical Co., Dorset, UK 

Sera Lab Ltd., Sussex, UK

P(ab')2 goat anti-human IgG - alkaline phosphatase Sigma Chemical Co., Dorset, UK
P(ab')2 goat anti-human IgM - alkaline phosphatase Sigma Chemical Co., Dorset, UK

P(ab')2 goat anti-human IgG - biotin Sigma Chemical Co., Dorset, UK

2.1.2.2 Murine

P(ab')2 goat anti-mouse IgG
P(ab ')2 goat anti-mouse IgM

Sigma Chemical Co., Dorset, UK 
Cheraicon International Inc., 

London, UK
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F(ab ')2 goat anti-mouse IgG - alkaline phosphatase Sigma Chemical Co., Dorset, UK
F(ab')2 goat anti-mouse IgM - alkaline phosphatase Chemicon International Inc.,

London, UK

F(ab')2 goat anti-mouse IgG - biotin Sigma Chemical Co.

2.1.2.3 Miscellaneous 
Mouse anti-A^-Acetylglucosamine Kind gift from Dr G. Rook.

2.1.3 Cell separation reagents

Carbonyl iron

Lympho-paque 
Filters (0.22 pm)

Acridine orange/ethidium bromide
Neuraminidase
Sheep blood (Alsevers)

Heparin (monoparin) BP

Fluka Chemicals Ltd., Dorset, 
UK
Nycomed, Birmingham, UK 

ICN Biomedicals, 
Buckinghamshire, UK 
Sigma Chemical Co., Dorset, UK 
Sigma Chemical Co., Dorset, UK 

Tissue culture services Ltd., 
Buckinghamshire, UK 
CP Pharmaceuticals, Clwyd, UK.

2.1.4 Tissue culture reagents/equipm ent

2.1.4.1 Media/supplements 

RPMI medium 1640

foetal calf serum (y-globulin free) 

L-Glutamine
Penicillin/streptomycin solution

2-Mercaptoethanol
Sodium pyruvate

MEM non-essential amino acids

Life Technologies, Renfrewshire, 
UK

2.1.4.2 Mitogens 

Pokeweed mitogen

Lipopolysaccharide from S. enteritides

Life Technologies, Renfrewshire, 

UK

Sigma Chemical Co., Dorset, UK
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2.1.43 Free radical scavengers
Vitamin C

Catalase

Superoxide dismutase (SOD)
desferrioxamine

Thiourea

Sigma Chemical Co., Dorset, UK 

Sigma Chemical Co., Dorset, UK 

Sigma Chemical Co., Dorset, UK 

Sigma Chemical Co., Dorset, UK

2.1.4.4 Cytokines 

Interleukin-6 
Interleukin-6 detection kit

Genzyme Co., Kent, UK 

Genzyme Diagnostics, Kent, UK

2.1.4.5 Tissue culture plastics
All sterile tissue culture plastics were supphed by Life Technologies, Renfrewshire, UK

2.1 .5  M ice

Mice were either purchased as specific pathogen free and allowed to acclimatize for two 
weeks in our animal house facility, or raised in our animal house facility (lASH) as 

follows:

A/J
AKR
BALB/c

C57BU6
CBA/Ca

DBA/1

DBA/2

MRL/Mp—k/ -f*

MRL/Mp- Ipr/lpr
NOD

NZB

NZW

SJL
SWR

Harlan-OLAC Ltd, Bicester, Oxon., UK.

National Institute for Medical Research (NIMR), Mill Hill, 

London, UK.
Harlan-OLAC Ltd, Bicester, Oxon., UK.

NIMR, Mill Hill, London, UK.

Harlan-OLAC Ltd, Bicester, Oxon., UK.

ASHI, London, UK.

Clinical Research Centre, Harrow, London, UK. 

Harlan-OLAC Ltd, Bicester, Oxon., UK.

43



2.2 METHODS

2.2.1 Serum  and synovial f lu id  source, collection and storage

2.2.1.1 Source o f human serum and synovial flu id
Serum samples were taken from normal healthy controls (with no family history of 
autoimmunity) including members of clinical and laboratory staff and healthy medical 

students.

Patients with classical RA were defined according to the American College of 
Rheumatology (ACR, formerly the American Rheumatism Association) revised criteria 

(Arnett et al 1987). Sera from a variety of disease controls, including osteoarthritis, gout, 

psoriasis, reactive arthritis and polymyositis were also collected.
Peripheral blood was drawn by routine venepuncture into glass vacutainers and allowed 
to clot for 30 minutes at 37°C. The tubes were then centrifuged at 500^ at room 
temperature for 20 minutes and the serum removed and stored in aliquots at -20°C until 

required.
Synovial fluid was collected by aspiration into glass containers and stored in aliquots at 
-20°C until required.

2.2.1.2 Source o f murine serum
Peripheral blood was taken by retro-orbital venesection from mice of experimental and 

control groups into plastic micro-centrifuge tubes and allowed to clot for two hours at 
4°C. The tubes were then centrifuged at 2000^ at room temperature for seven minutes, 
the serum removed and stored in aliquots at -20°C until required.

2.2.2 Preparation o f  IgG

2.2.2.1 Ammonium sulphate precipitation and anion exchange chromatography 

purification o f serum and synovial flu id  IgG 
To 0.5 ml serum or synovial fluid, half the volume of saturated ammonium sulphate, 
pH7.2, was added dropwise with continuous stirring for 15 minutes and the mixture 

spun at 1000^ for 20 minutes. The pellet obtained was resuspended in the original serum 

or synovial fluid volume with 40% saturated ammonium sulphate and spun at 1000;? for 20 
minutes. The pellet was resuspended in the original volume with 20 mM potassium 

phosphate buffer, pH7.2 (KPi) and the samples dialysed overnight against the same 

buffer.
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Ten ml plastic syringe barrels were packed with approximately 12 g DE52 resin, 
equilibrated with 0.2 M KPi, pH 7.2 for one hour, then with 20mM KPi, pH 7.2. The 
rubber suction pad from the plunger was detached and inserted into the barrel and 
connected to a peristaltic pump, u/v monitor, fraction collector and chart recorder.

The dialysed sample was run through the column and the IgG eluted with 20 mM KPi, 

pH 7.2. 2 ml fractions were collected until the absorbance was nil. The column was then 

washed with 20 mM KPi containing 1.0 M potassium chloride to elute the bound 

proteins. The IgG containing fractions were pooled and were kept at -20°C 
for long term storage.

2.2.22 Rapid gel filtration and anion exchange chromatography purification o f IgG 
Twelve ml of Sephadex were layered onto 1 ml of the anion exchanger. The column was 

equilibrated with 20 mM KPi and 100 pi of serum or 200 pi synovial fluid diluted 1:1 
with 20 mM KPi, pH7.2 were applied.

The column was washed with 20 mM KPi, pH7.2 and 2x2 ml fractions followed by 0.5 
ml fractions were collected until the absorbance was nil. Pure IgG was eluted in fractions 
4 and 5, with transferrin eluting in fractions 6 and 7. Bound proteins were then eluted 
with 20 mM KPi, pH7.2 containing 1.0 M potassium chloride and 2 ml fractions 
collected.

2.2.2.5 Precipitation o f immune complexed IgG
Synovial fluid complexes were precipitated by adding polyethylene glycol 6000 (PEG) in 
veronal buffered saline (VBS; 145 mM sodium chloride, 3.1 mM barbitone and 1.8 mM 

sodium barbitone) to a final concentration of 2% (w/v). The samples were incubated 
overnight on ice and then centrifuged at 2000g for 30 minutes at 4°C. The supernatants 

were collected and stored at -70°C until required. The precipitated pellets were 

redissolved in 2% PEG and centrifuged at 2000g for a further 30 minutes at 4°C; the 

pellets were finally dissolved in VBS and incubated for one hour at 37°C before storage 

at -7CPC until required.

IgG was purified from the precipitated complexes and the supernatants after overnight 

dialysis against 20 mM KPi, pH7.2. as described in 2.2.2.1,

2.2.2.4 Purification o f cell culture supernatant IgG
Supernatants were dialysed against PBS overnight at room temperature.
A 2 ml plastic syringe barrel was packed with 2.5 mg P(ab')2 fragment goat anti-human 

IgG antibody coupled to 2 ml cyanogen bromide-activated (CNBr) Sepharose 4B 

according to the manufacturers directions. The dialysed supernatants were run through 

the column and the unbound proteins eluted with PBS until the absorbance was nil. The 

IgG was then eluted with 0.2 M glycine pH2.8 (pH'd with concentrated hydrochloric
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acid) until the absorbance was once again nil. The IgG fractions were pooled and the pH 
adjusted to pH8.0 with 1.0 M sodium hydroxide.

2.2,3 D eterm ination o f  IgG  concentration

2.2.3.1 Biorad/Bradford
The concentration of purified serum IgG samples was determined using the Bio-Rad 

protein assay according to Bradford 1976). Briefly, a standard IgG sample was diluted 

to a range of 1-25 pg/ml in a final volume of 800 pi of distilled water. 200 pi of 5 times 
concentrated Bio-Rad reagent was added, the mixture vortexed and the optical density 
read at 595 nm on a spectrophotometer (Ultrospec 4050, Pharmacia Biotechnologies, 

Buckinghamshire, UK). 5-20 pi of each sample was prepared in the same way and the 
protein concentration was interpolated from the standard curve.

2,2.3.2 Enzyme linked immunosorbant assay (ELISA)
Immunoglobulin levels of tissue culture supernatants and some sera were assessed using 
an adaptation of a sandwich enzyme linked immunosorbant assay (ELISA) according to 

Williams (1989).
In brief, the left hand sides of 96 well, flat-bottomed, maxisorp microtiterplates were 
coated with 100 pl/well of a 1:1000 dilution of the F(ab')2 fragment of goat anti-human 
(or mouse) IgG or IgM in 0.05 M carbonate/bicarbonate (BIG) buffer pH9.6. The right- 
hand sides of the plates were coated in BIG buffer alone and the plates incubated 

overnight at 4°G.

After washing twice with BIG buffer the plates were blocked with 200 pl/well BIG 

buffer containing 2% BSA, for one hour at 37°G.

Galibrated human (or mouse) sera were diluted to a range of 0.001-10 pg/ml of IgG or 

IgM in PBS-T containing 1% goat serum. Supernatant samples were diluted 1:3-5, sera 

1:1000-5000. The samples, together with the standards were added in duplicate (100 

pl/well) on both sides of the blocked and washed plates and incubated for one hour at

370G.
After washing with PBS-T, alkaline phosphatase conjugated F(ab')2 goat anti-human (or 

mouse) IgG or IgM conjugate, diluted 1:1000 in PBS-T containing 1% goat serum was 

added to the plates (100 pl/well) and incubated for one hour at 37°G.

The plates were then washed five times with PBS-T followed by two washes in BIG 
buffer.

A colour reaction was produced using p-nitrophenyl phosphate tablets in BIG buffer (2 
tablets/10 ml BIG buffer) containing 2 mM magnesium chloride. 100 pi was added per 

well and the reaction stopped with 50 pl/well IM sodium hydroxide and the optical
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densities (OD) read at 405 nm on a Dynatech MR 580 ELISA reader (Dynatech 
Laboratories Ltd, West Sussex, UK).

The immunoglobulin concentration of each sample was interpolated from the standard OD 
curve plotted on four cycle one-way logarithmic paper.

2.2,4 D eterm inaiton o f  IgG  purity

2.2.4.1 Sodium dodecyl sulphate - Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
The method was originally described by Weber et al (1969). Proteins were resolved 

under reducing conditions, according to the discontinuous buffer system of Laemmli 
(1970) on slab gels which consisted of 10% (w/v) acrylamide in the separating gel and 

5% (w/v) acrylamide in the stacking gel. The final concentrations in the separating gel 

were as follows: 0.26% (w/v) T/jV’-MethylenebisAcrylamide, 0.375 M 
Tris(hydroxymethyl)methylamine (pH8.7 with concentrated hydrochloric acid), 0.07% 
(w/v) ammonium persulphate, 0.1% (w/v) SDS and 0.07% (v/v) N,N,ISPJ^- 
Tetramethylethylene-diamine (TEMED) in double distilled water. The final 
concentrations in the stacking gel were as follows: 0.13% (w/v) 
MethylenebisAcrylamide, 0.125 M Tris(hydroxymethyl)methylamine (pH6.8 with 
concentrated hydrochloric acid), 0.1% (w/v) ammonium persulphate, 0.1% (w/v) SDS, 
0.1% (w/v) TEMED and 10 mM EDTA in double distilled water.
The protein samples (10 pg/40|il) were mixed with 20 pi of three times concentrated 

sample buffer, consisting of 0.34 M Tris(hydroxymethyl)methylamine (pH6.8 with 

concentrated hydrochloric acid), 5.4% (w/v) SDS, 15% sucrose, 3.1% (w/v) 
dithiothreitol, 14 mM EDTA and 0.001% bromophenol blue. They were then boiled for 
3 minutes in a water bath.

Purified IgG samples were applied to each lane and electrophoresis performed, using a 

multi slab gel apparatus at a constant current of 20 mA/gel for the stacking gel, followed 

by 40 m A/gel for approximately four hours, as determined by the migration of the 

bromophenol blue dye marker. A molecular weight standard was run on each gel, 

consisting of 3 mg of a mixture of: carbonic anhydrase (rmm; 29 kDa), ovalbumin (rmm; 

45 kDa), bovine albumin (rmm; 66 kDa), phosphorylase B (rmm; 97 kDa), p- 

galactosidase (rmm; 116 kDa) and myosin (rmm; 205 kDa).

The gel could then be stained with Coomassie blue or blotted onto nitrocellulose 

membrane.

2.2.4.2 Western blotting

An adaptation of the method described by Towbin et al 1979was used to separate proteins 

from the gels by transferring onto nitrocellulose membrane (pore size 0.45pm) using a
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SemiPhor semi-dry Transfer unit (Hoefer Scientific Instruments, California, USA). A 
constant current of 0.8 mA/cm^ was used for two hours at room temperature.

After blotting, the nitrocellulose membranes could be stained for protein in Ponceau stain 

(0.2% (w/v) Ponceau and 3% tetra-acetic acid in double-distilled water) enabling location 

of individual protein tracks. The tracks could then be cut and separated for 
immunoprobing. The strips were destained with double-distilled water and the molecular 
weight marker track permanently stained with 0.05% naphthal black/blue (amido black), 

10% glacial acetic acid, 10% isopropanol in double-distilled water. Background colour 
was destained with with a solution of 10% glacial acetic acid and 10% isopropanol in 

distilled water.

2.2 .5  B iotinylation o f  pro teins

The protein to be biotinylated was diluted to 1 mg/ml. A^-hydroxysuccinimidobiotin was 

dissolved in dimethylsulphoxide at 1 mg/ml (Coding 1986) and added to the protein at a 
ratio of 1:10. The solution was allowed to stand for 4-15 hours at room temperature and 
subsequently stored at 4°C with 0.01% sodium azide.

2.2 .6  Cell source

2.2.6.1 Source o f human tissue material
Peripheral blood and synovial fluids were collected into universal containers 

containing 1(X) units/ml heparin as described in 2.2.1.1.

2.2.6.2.Source o f  murine tissue material
Peripheral blood was taken by cardiac puncture into bijou containers with 60 pi heparin. 

Spleens, lymph-nodes and bone-marrow tissue were obtained from animals killed by 

cervical dislocation.

2.2 .7  Preparation o f  lym phocytes

2.2.7.1. Separation o f human mononuclear cells
A 'pinch' of carbonyl iron was added to the collected whole blood or synovial fluid and 

rolled at 37°C for 45 minutes. The phagocytic cells were removed by standing the 

containers on a magnet for 15-20 minutes.

Cells in the supernatant were collected and diluted 1:1 in universal containers with 
medium (RPMI) and mononuclear cells separated by density gradient centrifugation,

48



according to Boyum 1968. Briefly, approximately 12 ml of diluted material was layered 

onto 9ml of lympho-paque (density 1.086 g/ml) in universal containers. These were then 
centrifuged at 750g at room temperature for 30 minutes.

The interface cells were removed by aspiration, placed in a universal container containing 
washing medium (RPMI containing 10% y-globulin free foetal calf serum (FCS-yg)) and 
washed.

The washing procedure involved a centrifugation at 450g at 4°C for 8-10 minutes, the 
supernatant was removed, the cell pellet resuspended in cold washing medium and the 
washing procedure repeated.

2.2.7.2 Separation o f murine mononuclear cells 

All operations were carried out at room temperature.
Spleens and lymph-nodes were removed into medium, passed through a 20 pm wire 

mesh and allowed to settle for 1-2 minutes. The separated cells were removed and 
washed in washing medium (RPMI containing 5% FCS-yg). Cells were centrifuged at 
350g for 5 minutes and the pellet gently resuspended into washing medium.
Tibia bones were split at either end and the bone-marrow forced out with a syringe and 25 
gauge needle containing sterile medium with 2% heparin. The marrow cells were 
separated by repeated flushing through a 21 gauge needle.

Erythrocytes were removed from all cell suspensions by the addition of 5 ml of sterile 
lysing buffer (0.16 M ammonium chloride pH7.2) per spleen or per lymph-node (pools 
of ten) cell pellet and allowed to stand for 5 minutes, topped up with medium and 
centrifuged at 350g for 5 minutes. The pellets were gently resuspended and washed 
twice before counting.
Peripheral blood samples were diluted 1:1 in medium and mononuclear cells were 

separated by density gradient centrifugation, according to Boyum 1968. Briefly, 
approximately 4 ml of diluted material was layered onto 3 ml of Lympho-paque (density 

1.086 g/ml) in conical-bottom containers. These were then centrifuged at 750g for 30 

minutes. The interface cells were removed by aspiration, placed in a conical-bottomed 
tube containing medium and washed.

2,2 .8  C ounting o f  cells

Cell viability was always >95% as determined by staining with acridine orange and 

ethidium bromide and scoring under ultraviolet (UV) microscopy to distinguish viable 

(green) and non-viable (orange) cells.

Cell counts were performed using an improved Neubauer chamber and ethidium 
bromide/acridine orange stain.
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2.2.9 Human B~ and T-cell enrichment

2.2.9.1 Preparation o f neuraminidase treated sheep erythrocytes (N-SRBC)
Sheep red blood cells (SRBC) were washed four times with medium and resuspended to 

10% v/v in universal containers. One ml of filtered (0.22 pm millipore filter) 3 mg/ml 

solution of neuraminidase in medium was added per 9 ml of 5% SRBC and the cells 
incubated for one hour in a 37°C water bath with intermittant inversion of the tubes. The 
SRBC were then washed four times in medium and resuspended to 5% v/v in FCS-yg. 

N-SRBC were stored at 4^C for up to two weeks, or until evidence of haemolysis was 
apparent, whichever period was the shorter.

2.2.9.2 Sheep red blood cell resetting ofPBM C
One ml of 5% N-SRBC was added per 10ml U-bottomed tubes containing 20x10^ 

adherent cell-depleted PBMC. The tubes were placed in a 37®C water bath for 10 

minutes, centrifuged at 450g at room temperature for 7 minutes and then placed in an ice 
bath overnight. The supernatants were poured off, the cell pellets gently resuspended and 
4 ml of cold washing medium added. The cell suspensions were then layered onto 4 ml 
gradients of Lympho-paque (density 1.086 g/ml) in U-bottomed tubes and centrifuged at 
750g at 4°C for 15 minutes. The interface of B- enriched (E-negative) cells was collected 
for each tube, washed twice, counted and resuspended at the required concentration in 
complete culture medium. Two ml lysing buffer (0.55 mM ammonium chloride, pH7.4) 

was added to each of the pellets and the tubes placed in an ice bath for 2-5 minutes. The 
lysed rosetted cells were topped up with cold washing buffer and centrifuged at 450g at 
4°C for 10 minutes. The T- enriched (E-positive) cells were washed twice, counted and 

resuspended at the required concentration in complete culture medium.

2.2.10 Cell culture

All cell work was carried out under sterile conditions. Cells were cultured in complete 

medium and incubated in a 5% CO2 humidified atmosphere at 37°C. Supernatants were 

harvested by centrifugation at 450 or 350^ (human and murine respectively).

In some experiments cells were harvested as above for enzyme studies.

2.2.10.1 Culture Media
a) Human culture medium
Complete medium consisted of; RPMI 1640 supplemented with 10% y-globulin free, 

heat-inactivated PCS, 2 mM glutamine, 100 units/ml penicillin and streptomycin.
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b) Murine culture medium
Complete medium consisted of; RPMI 1640 supplemented with 5% y-globulin free, heat 

inactivated PCS, 2 mM glutamine, 50 units/ml penicillin and streptomycin, 50 nM 2- 
mercaptoethanol, 1 mM sodium pyruvate and 1% non-essential amino-acids.

2.2.10.2 Culture with mitogens

Pokeweed mitogen (PWM) was employed to induce human immunoglobulin secretion 

whilst PWM and lipopolysaccharide were employed to induce murine immunoglobulin 

secretion in order to study the glycosylation status of de novo secreted IgG. Cells were 
cultured at lO^/ml in upright flasks.

PWM was dissolved at 1 mg/ml in distilled water, filtered (0.22 pm) and added to a final 
dilution of 1:200, 4(X) or 800. Lipopolysaccharide was dissolved at 2 mg/ml in PBS, 
filtered (0.22 pm) and added to a fmal concentration of 10,20 or 50 pg/ml. Both the 
concentrations of mitogens used and the time of the culture were chosen after preliminary 
experiments in which the concentration of IgG secreted was estimated using an ELISA 

(described in chapter 6).

2.2.10.3 Elimination offree-radicals
In order to eliminate the possibility of free radical mediated damage to newly secreted IgG 
in these cultures, a selection of free radical scavengers were added to some of the above 
PWM cultures. All free radical scavengers were dissolved in medium, filtered (0.22 pm) 
and added to the PWM cultures at the following final concentrations: catalase; 500 
units/ml, desferri-oxamine; 0.5 mM, thiourea; 50 mM, superoxide dismutase (SOD); 500 

units/ml and vitamin C; 60,70 or 120 pM.

2.2.10.4 Proliferation assays
Cells were resuspended at 10^/ral in complete medium with (and without) free radical 

scavengers at varying concentrations. 200 pi of each suspension was added in duplicate 

to 96 well, round-bottomed micro titer plates and incubated overnight. The cells were 
pulsed with 0.4 pCi/well tritiated thymidine for 18 hours and then harvested onto glass 

filter mats using a Titertex cell harvester (ICN Biomedicals, Buckinghamshire, UK). The 

discs were read on a p counter (Minaxi Tri-carb 4000, Canberra Packard, Berkshire,

UK).

2.2.10.5 T/B-cell mixing experiments
Human T-cell enriched populations (10^ cells/ml) were mixed at a ratio of 2:1 with B-ceU 

enriched populations (lObcells/ml) from autologous or allogeneic RA patients or controls 

and cultured as in 2.2.10.2 with PWM.
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2.2.11 Q uantitation o f  Supernatant lL -6

Supernatant IL-6 levels were tested for using a kit according to the manufacturers 

(Genzyme Diagnostics) instructions. Briefly, samples and the standards provided were 

added to microtitre wells pre-coated with monoclonal anti-IL-6, incubated and washed. 
Biotinylated antibody to IL-6 was added, incubated and washed followed by incubation 
with streptavidin-HRP. The colour was developed by addition of the substrate (peroxide 
and chromagen) and the optical density read at 450 nm.

2.3 S T A T IS T IC A L  A N A L Y S E S

Data may be expressed as arithmetic means ± standard deviation (SD) or ± standard error 
of mean (SEM). Comparisons of means were made using the student's t-test for paired 
and un-paired data or the Kolmogorov Smirnov test.

Analysis of variance was used to measure coefficients of variation and analysis of 
variance of area under the curve was used to analyse changes in parameters with time.

Correlations between variables were analysed using linear regression (least squares 
method) with Pearson's coefficient of correlation (r) given in all cases. When multiple 

correlations were made with one variable, the Bonferroni correction was made. The chi- 
squared test, with Yates correction was also used to look at associations between two 

parameters.

Discriminant Functional Analysis (DPA) was used to examine prognostic features of 

multivariate data, as was logistic regression (expressed as an odds ratio). The SPSS 

package was used.

The significance of all of these analyses is given as the p value, where NS denotes not 

significant or not significantly different.
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CHAPTER 3

DEVELOPMENT OF IgG GO ASSAYS
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3.1 IN TRO D U C TIO N

The biochemical analysis of IgG GO involves the purification of IgG followed by 

hydrazinolysis to release the ohgosaccharides and high resolution chromatography of the 
monosaccharide moieties (Parekh et al 1985). This method, although resulting in 

extemely accurate measurement of the glycosylation status of the glycoprotein, is lengthy, 
requires milligram quantities of purified IgG and only a limited number of samples can be 
processed at any one time. This chapter deals with ways round the problem of measuring 

IgG GO in large numbers of samples, or in samples with low concentrations of IgG (such 
as cell supernatants) rapidly and accurately.

The following assays were developed by exploiting the abihty of certain lectins to bind 

specifically to terminal ohgosaccharide moieties. Lectins are sugar binding proteins 

obtained from many different sources such as plants, viruses, microorganisms and 

animals. Most lectins are multimeric, consisting of non-covalently associated subunits, 
which gives them the abihty to form precipitates with glycoconjugates and/or agglutinate 
cells (Cummings 1994). Because of the specificity that each lectin has for a particular 
carbohydrate structure, even oligosaccharides with identical sugar compositions can be 
distinguished or separated, for example certain lectins can distinguish between a- and p- 
hnkage of the same carbohydrate (Goldstein and Portez 1986). Some lectins will only 

have one sugar specificity, some will have several and others potentially several, but with 
a preference for one. For binding some lectins require that the particular sugar be in a 
terminal non-reducing position in the ohgosaccharide, while others can bind to sugars 

within the ohgosaccharide chain (Goldstein and Portez 1986).

Bandeiraea simplicifolia (BSII) was chosen for its specificity for terminal N- 
acetylglucosamine (GlcNAc, Shankar Iyer eta l 1976) and Ricinus communis agglutinin 
(RCAI) for its preferential specificity for terminal galactose (Lin and Li 1980); the latter 

will also bind N-acetylgalactosamine, which has not been reported as present in IgG 

ohgosaccharides. BSII is a tetrameric glycoprotein, with four ~ 30 kDa subunits isolated 

from Griffonia {Bandeiraea) simplicifolia seeds each with a specificity for GlcNAc. 
Increasing the number of GlcNAc residues beyond two, however, does not increase its 
binding affinity (Shankar Iyer et al 1976). RCAI is composed of two subunits of = 60 

kDa,which may be further dissociated into two = 33 and two = 35 kDa glycoprotein 
chains and is isolated from Ricinus communis (castor bean) seeds (Lin and Li 1980).
The attachment of sialic acid terminahy to galactose may inhibit RCAI binding, but only ~ 

10% of the ohgosaccharide chains of IgG Fc are reported to terminate in siahc acid 

(Rademacher et al 1988).
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IgG was purified from serum and synovial fluid samples in a single operation using a 

column of Sephadex G-25 and DE52. Purified IgG was then dot blotted onto 

nitrocellulose and probed with the lectins BSII and RCAI and one IgM monoclonal 

antibody raised against terminal GlcNAc (Rook et al 1988).

Studies on murine models of arthritis, using the above immuno-dot blot method for 

analysis of GO, often required pooling of mice sera or culling of individual mice in order 

to recover enough IgG. This assay, although quicker than the biochemical one, did not 
allow individual mice to be followed and was still lengthy when following week to week 

changes in groups of mice and when screening large numbers of human samples.
By modification of the enzyme linked immuno-assay (ELISA) and the techniques 
described by Thompson et al (1992) and immuno-dot blotting (Sumar et al 1990), a 

miniaturized protein A capture, enzyme linked lectin assay (ELLA) was developed for 

human and murine samples, using only 15-25 |il of sera. Comphcated binding patterns 

for RCAJ were described for murine IgG (Bond et al 1990) with an increase in RCAI 

binding as well as BSII in arthritic mice (hypothesised to be due to increased IgG Fab 
glycosylation). This finding and the fact that murine sera were found to vary greatly in 

their IgG concentration led us to measure the ratio of terminal GlcNAc to IgG rather than 
GlcNAc to galactose and accordingly BSII : anti-IgG binding in the plate assay was 

determined as a measure of GO levels.
Similar modifications were made for murine cell culture supernatant analyses of GO, 

which could detect GO levels in samples with IgG in the range of 0.2-8.0 pg/ml. 
However, due to the non-linearity of anti-IgG at these low concentrations of IgG, BSII : 

RCAJ binding was analysed.

3.2 IM M U NO -D O T B LO TTIN G

This technique was developed in collaboration with Dr N. Sumar.

3.2.1 D ot blotting

3.2J.1 Preparation o f standards and samples
IgG was purified by the rapid method described in 2.22.2  and purity of the fractions 

analysed as described in 2.2.4.1.
Purified IgG standards with GO levels ranging from 20-60 % chains lacking galactose (as 

determined by the biochemical method) were used throughout these studies. This set of 

standards was prepared from sera from normal donors and patients with rheumatoid 
arthritis. Both standard and sample IgG were diluted to 10 pg/ml in PBS.
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3.2.1.2 Dot blotting
Standards and samples were dot blotted in duplicate onto nitrocellulose using a Bio-Rad 
blotter (Bio-Rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK) following the 

manufacurer's instructions. Two identical blots were prepared. The blots were left to 

dry at room temperature for 20 minutes and then boiled in PBS for 15 minutes (to expose 
the oligosaccharides). The blots were then blocked with PBS-T-BSA for one hour at 

room temperature or overnight at 4®C.

3.2.2 Lectin probes and inhibition assays

3.2.2.1 Lectin binding o f exposed monosaccharides
The biotin/streptavidin system was used throughout in order to amplify any binding seen 

and all lectins were biotinylated as described in 2.2.5 or purchased ready biotinylated. 

The lectins RCAI and BSII were used at 1:250 (4 pg/ml) and 1:100 (10 pg/ml) 
respectively. A monoclonal antibody raised to terminal GlcNAc (a kind gift from Dr G. 

Rook, Medical Microbiology, UCLSM, London, UK) was also used at 1:1000 (1 
pg/ml). All dilutions were carried out in PBS-T-BSA and added to the blots for 2.5 
hours followed by five washes with PBS-T-BSA at 10 minute intervals. Streptavidin 

biotin-HRP conjugate was added at 1:2000 for two hours, followed by five washes with 

PBS-T at 10 minute intervals.
The blots were developed with the substrate 4-chloronaphthol made up at 0.3 mg/ml in 
methanol. The incubation mixture consisted of 1 volume substrate solution, 5 volumes of 
50 mM Tris buffer, pH7.6 and 0.01% hydorgen peroxide mixed immediately before use. 
After 20 minutes the blue colour had developed and the blots were washed with distilled 

water, dried thoroughly and scanned on a video densitometer (model 620, Bio-Rad 
Laboratories Ltd, Hemel Hempstead, Berkshire, UK) using the reflectance mode. The 

optical density (CD) readings were averaged and standard curves plotted as BSII, anti- 

GlcNAc and RCAI binding alone against GO levels (figure 3.1) or as the ratio of either 

BSII or anti-GlcNAc binding to RCAI binding versus GO levels as determined by the 
biochemical method (figure 3.2). As expected, BSII and anti-GlcNAc binding increased 

with increasing % chains lacking galactose (r = 0.778, p < 0.002 and r = 0.928, p <
0.001 respectively, where r = the correlation coefficient) whereas RCAI binding 

decreased (r = -0.822, p < 0.001). Sample ratios were extrapolated from these curves to 

determine GO levels.

3.2.2.2 Specificity studies
To determine the extent to which various sugars and their derivatives inhibited the lectin 
binding to purified IgG, the sugars GlcNAc, iV’A’-diacetylchitobiose (chitobiose) and 
A’A’AT-triacetylchitotriose (chitotriose) were incubated with the lectin BSII at 10 pg/ml
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Figure 3.1 Binding (optical density) of (a) BSII, (b) anti-GlcNAc and (c) RCAI 
to IgG of differing galactose content, dot blotted onto nitrocellulose.
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Figure 3.2 Immuno-dot blot standard curves of IgG samples with known percentage GO 
against (a) BSII : RCAI and (b) anti-GlcNAc : RCAI binding (optical 
density).

The blotting procedure was then carried out in the normal way and the results calculated 
as percentage inhibition compared to lectin binding in the absence of sugars (figure 3.3)
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Figure 3.3 Mean inhibition (± SEM) of (a) 10 pg/ml BSII by# GlcNAc,A chitobiose 
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lactosamine binding to dot blotted IgG.
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It could be seen that GlcNAc, chitobiose and chitotriose gave 100% inhibition of BSII 

binding at 1.0,0.1 and 0.1 mM respectively and that galactose, lactose and lactosamine 
inhibited RCAI binding by 80, 100 and 75 % at 7.5, 7.5 and 0.5 mM respectively. 

Negative cross-inhibition by non-specific sugars was looked at for murine samples in

3.2.3 Variability and  statistics

3.2.3.1 Variability

The variability of the assay was tested by looking at the intra-blot variation of BSE and 

RCAI binding of IgG samples and for inter-blot and inter-day levels of GO using analysis 
of variance. Intra-blot variation was measured by dotting five samples in six replicates 
per blot, inter-blot by dot blotting ten samples on three sets of blots and inter-day 

variation was established by dot blotting ten samples on three different days.

Intra- and inter-blot variation of the samples tested led to an overall GO coefficient of 
variation (and hence sensitivity) of 6.0% (table 3.1).

Intra-blot 
BSE RCAI

Inter-blot 
BSE : RCAI GO

Inter-day 
BSE : RCAI GO

Samples analysed (n) 5 5 10 10

Coefficient of variation 15.0% 12.0% 4.0% 6.0%

Table 3.1 Coefficients of variation for the binding of BSE and RCAI to dot
blotted IgG within (intra-) blots, and GO levels between (inter-) blots 
and between (inter-) days.

3.2.3.2 Correlation with biochemical method

Using the above method, 24 IgG samples were analysed for GO levels using the 

calibration curve based on standard preparations. These GO levels were checked against 

values obtained by hydrazinolysis followed by the biochemical method (kindly performed 
by Dr P. Williams, department of Biochemistry, Oxford university).
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The correlation coefficients of BSII : RCAI and anti-GlcNAc : RCAI were r = 0.820 (p < 
0.001) and r = 0.853 (p < 0.001) respectively (figure 3.4) when compared to the 
biochemical method.
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3.3 E N Z Y M E  LIN K ED  L E C T IN  A S S A Y  (ELLA)

3.3.1 H um an serum, plasma and synovial f lu id  assay

Maxisorb-immuno-microtiter plates (96 well) were coated with 50 pl/well protein A at 

2.5 pg/ml in PBS and incubated overnight at The wells were aspirated and blocked 

with PBS-T-BSA for one hour at 37^C followed by three washes with PBS-T.

Standards with known GO levels (as measured by the biochemical and immuno-dot blot 
methods) were diluted 1:100 in buffer consisting of 0.1 M glycine and 0.16 M sodium 

chloride adjusted to pH7.0 with 0.1 M sodium hydroxide. Aliquots of diluted sera (50 
pi) were added in triplicate to two identical plates and incubated for two hours at 37^C. 

After washing, 50 pl/well PBS was added and the plates floated on a waterbath at 85®C 

for 15 minutes to partially denature the IgG molecules to expose the oligosaccharides.
The biotinylated lectin BSII containing 0.1 mM calcium chloride was diluted 1:50 (20 

pg/ml) and biotinylated goat F(ab ')2 anti-human IgG 1:10000 (0.04 pg/ml) in PBS-T- 
BSA and each added at 50 pl/well to one of the cooled duphcate plates and incubated at 
4^C overnight. After three washes, 50 pl/well of Streptavidin-peroxidase was added and 

incubated at 37°C for one hour. A colour reaction was produced using 50 pl/well 0.1 M 

citrate phosphate buffer pH4.1 containing 0.5 mg/ml 2,2’-azino-bis(3- 
ethylbenzthiazoline-6-sulphonic acid) and 1:2000 hydrogen peroxide. After 15 minutes 

the reaction was stopped with 50 pl/well sodium fluoride (2 mg/ml) and the plates read on 
an automated ELISA reader (Dynatech Laboratories Ltd, Billinghurst, West Sussex, UK) 

at 410 nm. The results were expressed as BSII : anti-IgG binding and plotted against the 

known GO values (figure 3.5).
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Figure 3.5 Plot of structurally determined human GO levels with the ratio of BSE : anti- 
IgG binding (optical density) as measured by the ELLA.
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3.3.2 Murine sera

Since no reliable murine GO standards were available, ten samples of IgG from pooled 

sera were purified and analysed by hydrazinolysis and the biochemical method for the 

relative GO levels (kindly performed by Dr P. Williams, department of Biochemistry, 
Oxford University, Oxford, UK). The corresponding sera were then used as standards 
for the ELLA.

The assay for murine sera was the same as the human method (described in 3.3.1.1) with 
the exceptions that sera were diluted 1:50, the glycine buffer was pH8.0 (the preferred 

pH for maximal binding of murine IgG to protein A, Hudson and Hay 1989) and the 

detection antibody was sheep F(ab')2 anti-mouse IgG diluted 1:10000 (0.036 pg/ml). 
The resultant murine standard curve of BSII : anti-IgG binding versus GO is shown in 

figure 3.6.
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Figure 3.6 Plot of structuarally determined murine GO levels with the ratio of BSE : anti- 

IgG binding (optical density) as measured by the ELLA.

3.3.3 Cell culture supernatants

Cell culture supernatants (from experiments described in
6.3 and 7.4) were assayed as described in 3.3.1 with a 
modification of the sample and standard dilutions: The concentration of cell culture 

supernatant IgG in these studies ranged from 0.2-8.0 pg/ml and since serum standard 

curves at 1:50 dilution were not linear for these concentrations, the assay conditions were 

modified as follows:
Protein A was diluted to 0.05 or 0.20 pg/ml prior to coating and all volumes added to the 
wells were 100 pi. The concentration of IgG was determined in each supernatant and 
serum standard (as described in 2.2.3.2) and each diluted to 0.5 or 2.0 pg/ml with
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glycine buffer pH8.0. The anti-IgG was not linear at these concentrations of IgG and so, 
BSII binding was once again compared to RCAI (at 0.17 pg/ml) binding throughout. 

Examples of the resultant standard curves are shown in figure 3.7.
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Figure 3.7 Plot of structurally determined GO levels with the ratio of BSE : RCAI
binding (optical density) of standard (a) human and (b) murine sera diluted to 

2 pg/ml of IgG.

3.3.4 Specificity studies and variability o f  the E LLA

3.3.4.1 Specificity o f lectin binding
It was necessary to re-check the specificity of the lectins for IgG bound to protein A in the 

plate assay, particularly in the case of the murine samples, which had not been assessed 

on the dot blots.
Varying concentrations of the sugars GlcNAc, chitobiose, chitotriose and galactose were 

pre-incubated with BSII at 5 pg/ml (0.045 mM) and the sugars galactose, lactose, 

lactosamine and GlcNAc with RCAI at 0.2 pg/ml (0.6 mM) for one hour at room 

temperature. These were then added to murine serum IgG captured by protein A and 

analysed as described in 3.3.2.
Inhibition of BSII binding to murine IgG was seen by GlcNAc, chitobiose and chitotriose 

with the highest inhibition given by chitobiose. RCAI binding was inhibited by 
galactose, lactose and lactosamine, the highest inhibition given by lactosamine. Neither 

BSn or RCAI were significantly inhibited by galactose and GlcNAc respectively (figure 

3.8).
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Figure 3.8 Mean percentage inhibition (± SEM) of (a) 0.045 mM BSE (by o
galactose, •  GlcNAc, A chitobiose and A chitotriose) and (b) 0.6 mM 
RCAI (by o galactose, •  GlcNAc, □ lactose and ■ lactosamine) binding 

to protein A captured IgG.

3.3.42 Variability and statistics

The correlation between 23 human serum IgG GO values obtained by the dot blot 
and plate assay was good (r = 0.881, p < 0.001, figure 3.9).
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Figure 3.9 Correlation of GO levels obtained using the immuno-dot blot and ELLA 
methods (r = 0,881, p < 0.001).

The correlation between serum and plasma IgG GO levels was also investigated using the 
plate assay. Eleven paired samples of human serum and plasma were measured for GO 

levels. Using a paired student's t-test no significant difference was seen between the 
means (± SEM) of each group (30.09 ± 2.68 and 29.49 ± 2.67 respectively, p = 0.523, 
figure 3.10).
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Figure 3.10 Comparison of GO levels obtained from paired serum and plasma samples 
using the ELLA, mean ± SEM plotted beside each range (NS: no 
significant difference, p = 0.523).
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The variability of the murine BSII : anti-IgG plate assay was looked at for inter-day, 
inter-plate and intra-plate variation using analysis of variance: Intra-plate variation of 

BSII and anti-IgG binding was analysed by adding five samples as six replicates on each 
plate, inter-plate variation of GO levels was analysed by adding twelve samples (in 

duplicates) to three sets of plates and inter-day variation was established by analysing the 

GO levels of twelve samples on three different days (all were treated as described in

The overall coefficient of variation (and hence sensitivity) of the assay from day to day 
for intra- and inter-plate variation of the samples tested was up to 8.0% (table 3.2).

Intra-plate 
BSn anti-IgG

Inter-plate 
BSII : anti-IgG GO

Inter-day 
BSn : anti-IgG GO

Samples analysed (n) 5 5 12 12

Coefficient of variation 7.0% 3.4% 5.9% 8.0%

Table 3.2 Coefficients of variation for the binding of BSII and anti-IgG to protein 
A captured IgG within (intra-) plates, and of GO levels between (inter-) 
blots and between (inter-) days.

3.4 D ISC U SSIO N

Lectin analysis for GO as described in this chapter, is reproducible and comparable to the 
results obtained by structural analysis. Assays are also rapid and enable us to detect 

changes in the levels of IgG GO in a wide variety of biological fluids and cell culture 

supernatants.

3.4.1 Im m uno-dot b lo tting

The Sephadex G-25/DE52 method of IgG purification was rapid, gave 80% recovery of 

IgG (data not shown) and enabled several samples to be purified at one time to high 
purity. BSn and anti-GlcNAc binding to IgG increased with samples of increasing GO 

and RCAI binding decreased correspondingly (figure 3.1), indicating specific binding to 
exposed GlcNAc and galactose residues respectively.
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Looking at the ratio of BSII or anti-GlcNAc binding to RCAI binding to dot blotted IgG 

had several advantages; The ratio was independent of protein concentration (only rough 

estimates of protein concentration were required) and took into account any differences in 

binding of a particular sample to nitrocellulose (although we found very little varation in 

the binding of samples with different GO levels to nitrocellulose, data not shown). An 

increase in sensitivity was seen when looking at the ratio, which increases rapidly with 
GO because of the reciprocal effect; as terminal galactose decreases, exposed terminal 
GlcNAc increases.

It was noticed that the standards for both the BSII and anti-GlcNAc to RCAI binding 

produced curves rather than straight lines when plotted against GO levels (figure 3.2). 

One explanation of this deviation from linearity could be that whilst anti-GlcNAc and 
BSn may bind between one and four terminal GlcNAc moieties per IgG molecule, the 

range for RCAI binding is limited to binding one to three galactose moieties since one 
galactose is absent from the Fc oligosaccharides in order for them to associate. This 
would cause a plateau at the lower end of the GO level range resulting in a 'flattening' of 
the curve. In addition, the increase in association constants associated with multivalent 
binding may be different between RCAI and BSII and anti-GlcNAc.
The binding of lectins to the terminal monosaccharide moieties was shown to be specific 
by inhibition studies (figure 3.3): The sugars GlcNAc and chitobiose (with two GlcNAcs 
per molecule) both inhibited 0.09 pM BSII binding completely at 1.0 and 0.1 mM 

respectively. Increasing the number of available GlcNAc residues per molecule from two 
(chitobiose) to three by using chitotriose, did not increase the inhibition of BSII binding. 
This is understandable since BSII, although tetrameric, has maximal affinity for two 
GlcNAc residues (Shankar Iyer et al 1976). RCAI (at 0.12 pM) binding was inhibited by
7.5 and 0.75 mM galactose and lactose respectively and by lactosamine at 0.5 mM. Non

specific sugars were not examined in these assays, but were shown in the plate assay not 
to inhibit the two lectins (figure 3.8). Reports that BSII and RCAI binding to IgG could 

not be inhibited with such low concentrations of sugars (Parkkinen 1989), may be 

explained by the relative accessibility of IgG Fc oligosaccharides in the intact molecule.
In these studies we partially denatured the IgG by boiling in order to expose these 

oligosaccharide chains and hence facilitate both lectin binding and inhibition. This was 
initially carried out since it is thought that the although the oligosaccharide chains may 

'wave' in and out of the Fc when in solution without much steric hinderence (exposing 

terminal monosaccharides, Rademacher and Dwek 1989), whilst immobilized, they 

remain rigid and relatively buried within the Fc, necessitating boiling prior to analysis 

(Rademacher et al 1983). Another group using RCAI alone to measure glycosylation 
changes in IgG, did not denature the samples and consequently saw no correlation of IgG 

GO levels with our assay (Casbum-Budd et al 1992) they describe their observed 
changes in RCAI binding to IgG as changes in terminal sialic acid. Griffiths and Lunec 
(1989) showed ommission of the dénaturation step to reduce lectin binding to GlcNAc by
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75% and to galactose by 25%. It would seem, therefore, that careful designation of 
values and description of methodology used is necessary when looking at these types of 
changes.

Dot blotting of IgG samples showed acceptable variability (table 3.1) with an overall 

inter-day coefficient of variation of only 6.0%. The assay also gave valid data for the 

analysis of GO levels as compared to the biochemical method (r = 0.882 and 0.853 for 
BSII and anti-GlcNAc binding to RCAI binding respectively, figure 3.4). We conclude 

from this, that the lectin and anti-GlcNAc ratios are measuring comparable changes in 

IgG glycosylation to the structural method. This is in agreement with data from other 
groups using similar methodology (Rook et al 1988, Bond et al 1990).

Although the correlations are good, the structural and lectin binding methods are not 

measuring exactly the same parameters. Structural analysis provides a direct measure of 

isolated ohgosaccharide units terminating in two GlcNAc residues (GO), that is chains 

completely negative for galactose, whereas the lectins also react with oligosaccharides 
bearing one or two terminal reacting sugar residues. The proportion of ohgosaccharide 
chains terminating in one GlcNAc and one galactose moiety have not, however, been 
shown to vary significantly in human serum samples (Parekh et al 1988a). Changes, 
therefore, in BSE, anti-GlcNAc and RCAJ binding can be attributed to changes in the GO 
(and hence reciprocahy the G2) populahon. Since all our measurements were 

extrapolated from standards of known % chains lacking galactose on both ohgosaccharide 

arms (%G0) we have defined our results as 'GO levels'.
Due to the better storage stabihty and decreased batch variety of the lectin BSE as 
compared to the monoclonal anti-GlcNAc antibody, we chose to measure GO levels using 
the BSE : RCAI binding ratio in these studies. Immuno-dot blotting provides a rapid 

technique for looking at changes in terminal sugars in IgG glycoforms and clearly has a 

wide apphcation particularly when using other lectins for the studying changes in sugars 

on glycoproteins in general.

3.4.2 Enzym e linked lectin assay (ELLA)

By specificaUy capturing IgG on protein A coated microtiter plates, the purification step 

of IgG GO analysis was eliminated and smaher volumes of test samples were required. 

Although it is known that Protein A does not bind all IgG subclasses equally (human 

IgGg and murine IgGi do not bind as avidly as the other subclasses, at pHT.O most 

human and at pH8.0 most murine IgG wiU bind (Hudson and Hay 1989). A recent 

report suggests that human IgGg contributes the least to changes in GO levels and 
remains relatively constant between individuals (Tsuchiya et al 1994); this means that any 
human IgGg not binding at pHT.O would not be expected to alter the measured GO level 

for that sample significantly. Murine IgGi, being the lowest affinity for protein A, may 
be expected to dissociate and be lost the most during the heating step of the assay (which
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is essential to denature the IgG and expose the oligosaccharide chains), but it appears that 
all murine subclasses are lost equally on heating (Rademacher, personal communication). 

Changes in IgG GO as measured by this method are, therefore, unlikely to be due to 
selection of a specific subclass of IgG.

Variation in murine serum IgG concentration and an increase in RCAI binding to murine 
IgG (postulated to be due to increased Fab binding. Bond et al 1990) encouraged us to 

control carefully for the amount of IgG bound to the plates and to look exclusively at 
BSII binding as an indication of how much terminal GlcNAc was present and hence how 
much galactose was missing. We corrected for IgG binding by using a ratio of BSII : 

anti-IgG. Human and murine serum BSE : anti-IgG binding ratios plotted against 
standards of known %G0, produced similar curves to the human samples in the dot blot 

assay (figures 3.5 and 3.6) and the correlation of human samples analysed by both GO 

assays gave a correlation coefficient of r = 0.881 (figure 3.9). Thus, the presence of 
GlcNAc (as a function of IgG content) in both murine and human samples, seems to give 

a reasonable measure of the % chains lacking galactose and is used by other groups in 
this field (Thompson etal 1992, Rook etal 1991a).

The assay was further modified for the analysis of GO levels in cell culture supernatants, 
since the levels of IgG in these samples were often below 3.0 pg/ml. The concentration 

of coating protein A was lowered in order to achieve saturation of IgG binding, but, the 
Linearity of anti-IgG at these concentrations was not good (data not shown) and we 
returned to looking at the ratio of BSE : RCAI binding. The standard curves obtained at 
very low concentrations of serum standards (human and murine at 2 pg/ml figure 3.7 (a) 
and (b) respectively and 0.5 pg/ml) were reproducible and gave us a greater flexibility in 
our studies. Recently a new lectin Psathyrella velutina has been described (Tsuchiya et al 
1993) which is putatively even more sensitive to, and specific for, terminal GlcNAc and 

may allow samples with even less IgG to be accurately analysed for GO levels. Once 
again, using this newly defined lectin on a microtiter plate assay, a dénaturation step 

increased the binding and sensitivity of the measurement of terminal GlcNAc (Tsuchiya et 

al 1994).
The specificity of the lectins for murine IgG oligosaccharides bound by protein A was 

confirmed as for the immuno-dot blot assay using a range of sugars to inhibit BSE and 

RCAI binding.
Eleven paired serum and plasma samples showed no significant difference between the 

dot blot and plate assay using the students' t-test (p = 0.523, figure 3.10) allowing 
comparisons to be made between samples where the procurement of serum was difficult. 
The variation of the assay was good, with an overall coefficient of variance of 8.0% 
between days (table 3.2) showing the assay to be reproducible and hence reliable.
The results of 23 human serum samples, analysed for GO levels using the dot blot and 
protein A capture plate assays gave a correlation coefficient of r = 0.881. This indicates
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that the ratios of BSII : RCAI and BSII : anti-IgG binding both reflect the level of human 

IgG galactose reciprocally and hence exposure of terminal GlcNAc in the Fc. The 

frequency of Fab glycosylation is less well documented, but is thought to occur on 25% 

of F(ab')2 fractions with 15% due to the light chain glycosylation (Abel eta l 1968, 

Wright and Morrison 1993), it is also usually more fully sialylated (Wright and Morrison 

1993, Parekh et al 1988c) and would be expected to make a minimal contribution to these 
binding studies. It can not, however, be completely ruled out and may be a factor in the 
lack of complete correlation between different methodologies.

Through the modification of a variety of techniques, a reliable method for rapid screening 

and analysis of GO levels of large cohorts of patients, individual mice and low IgG 

concentration tissue culture supernatants has been developed. This assay gives the 
freedom to analyse the underlying regulation and characteristics of changes in the levels 

of GO rapidly and accurately using a wide range of approaches.
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CHAPTER 4

GO CHANGES WITH AGE
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4.1 INTRODUCTION

Parekh et al (1985) originally showed an increase in serum GO in osteoarthritis and 

rheumatoid arthritis patients when compared to controls. When this was corrected for age 
however, it was seen that in the nomal healthy population GO levels decrease from birth 
until a minimum at about 35 years of age, after which they increase (Parekh et al 1988a). 

The observed raised levels of agalactosyl IgG in the osteoarthritis patients was seen to be 
due to their age, and this increase was not significantly raised above the controls. GO 

levels in RA patients were clearly elevated above age-matched controls showing the 

importance of age-correcting individual values of GO when comparing groups of patients 
or controls. Subsequently, several groups have shown age-related changes in the levels 

of IgG galactose in both controls and RA patients (Tomana et al 1988, Tomana et al 
1992, Tsuchiya eta l 1993).

We felt that it was important to show that our dot-blotting analysis of GO levels (which 
differs greatly from the biochemical method) could also detect the age trend in the control 
population, hence further validating our assays and giving us a baseline to measure 

patient groups against.

It was also important to discover whether murine models of human diseases and control 
strains of mice show changes in GO with age and, therefore, whether murine GO levels 

need to be age-corrected.

4.2 HU M AN A G E  CH ANG ES

4.2.1 Changes in GO with age in the healthy control population

Serum from 113 normal healthy controls aged between 2 and 98 years, with no history of 
autoimmunity, were collected and analysed for GO levels as described in 3.2.

Plotting GO levels against age resulted in the production of a 'normal' curve generated by 

the least squares method (polynomial order 2) using all the data (figure 4.1). GO was 
seen to be high early and late in life with a nadir at around 35-40 years. The control curve 
did not differ significantly from the one obtained by the biochemical method using the 

student's t-test to compare the residuals of this curve from the mean of the curve
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generated by the biochemical method (p > 0.1). Values from this curve are used 
throughout these studies to age-correct human samples.
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Figure 4.1 Control GO levels plotted against age. Mean ± 2.0 standard deviations (SD) 
of the five year age-group values indicated as solid polynomial (order 2) 

lines, generated by the least squares method and extrapolated for the age 

groups above 70 years old.

4,2.2 Sex differences in GO

The GO results from the 113 controls were divided into ten year age groups of males 

(n=48) and females (n=56) and the mean results ± standard deviation (SD) at each decade 

were compared using the student's t-test.

No significant difference in mean GO levels from any of the decades was seen between 

males and females (table 4.1).
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Sex

Age range (years)

1-10 11-20 21-30 31-40 41-50 51-60 61-70

Female 
GO level

38.65
(5.80)

26.85
(12.03)

22.27
(6.46)

22.43
(8.83)

25.44
(5.24)

30.97
(10.02)

25.03
(7.75)

Male 
GO level

33.17
(12.13)

27.0
(8.22)

25.34
(5.08)

25.4
(7.69)

27.5
(3.53)

27.44
(4.64)

34.23
(2.93)

Significance 
(p value)

NS
(0.456)

NS
(0.971)

NS
(0.181)

NS
(0.394)

NS
(0.466)

NS
(0.449)

NS
(0.127)

Table 4.1 Ten year age-grouped mean GO levels (± SD) of female and male healthy
control individuals and the significance (p value) when compared using the 
student's t-test.

4.3 M U RINE A G E  CU RVES

4.3.1 Changes in GO with age in different strains o f  mice

Nine strains of mice (CBA/Ca, DBA/1, MRL +/+, MRL Ipr/lpr (MRL Ipr), NZW, NZB, 

C57bl/6, SJL and B ALB/c) were bled at regular intervals between two and eight months 
of age and the sera analysed for GO levels (as described in 3.3).

Increases in GO levels with age were seen in each of the strains tested (figure 4.2) the 
least being with NZB, which increased and then appeared to decrease and MRL Ipr 

showing the fastest and ultimately the greatest increase.

4.3.2 Sex  differences in murine GO levels

Two strains of mice (MRL Ipr and SJL) were bled from two to seven months of age and 

the sera analysed for GO levels. These levels were then compared at different time points 
between males and females using the student's t-test.
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No significant differences were seen between male and female mean levels of serum GO 
at any of the time points studied in these two strains (figure 4.3).
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Figure 4.2 Mean (± standard error of mean; SEM) serum GO levels of seven strains of 
mice plotted against age (months). The coefficient of correlation (r) is given 
for each curve.
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Figure 4.3 Mean GO levels (± SEM) of female (O) and male (#) SJL and MRL Ipr 
mice plotted against age (months).
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4.4 DISCUSSION

An inverted polynomial curve (order 2) or 'paraboloid' change in GO was seen with age 

in the human control population, with high levels both early and late in life, thus 
confirming earlier reports (Parekh etal 1988a).

An increase in the level of GO in all the different mouse strains tested occured with age, 
paralleling the changes seen in the human population later in hfe. The GO levels were 
only measured up to eight months of age in these mice. It is not clear whether GO would 

continue to rise, plateau or indeed fall (as seen in the NZB mice) or whether control 
strains (such as CBA/Ca) rise and autoimmune strains (such as NOD) plateau. Neither 

was it possible to study the GO levels soon after birth of the mice, when, in the human 
population, GO levels were found to be higher than at 25 years of age, making it 

impossible to say whether murine strains follow the parabolic curve. Although the 

heating step in the GO assay, which is essential to expose the Fc-associated 
oligosaccharides, leads to the release of some IgG from protein A, there is equal loss of 
all subclasses (Rademacher, personal communication). These age-related changes are 
therefore unlikely to be due to selection of a specific subclass of IgG showing elevated 
GO levels and increasing in relative concentration with age.

Wide ranging changes in the immune system of both healthy humans and mice are seen 

with age (Miller et al 1991, Thoman and Weigle 1989), including the level and avidity of 
antibody response (Doria et al 1978) changes in cytokine levels such as interleukin 1 and 
6, (Fagiolo et al 1992, Wei et al 1992, Shir ai et al 1993, Tang et al 1991), lymphocyte 

subpopulations (Erkeller-Yuksel et al 1992, Saxena et al 1988) and immunoglobulin 

isotypes and subclasses (Paganelli etal 1992, Radl eta l 1981, Shackleford et al 1985). 

Glycoproteins however, although able to vary their carbohydrate composition as a 

function of development or in disease states (Pulido et al 1990, Feizi 1985, Yamashita et 
al 1989, Hatton et al 1983), show few age-related changes in the individual as a whole. 

Also, since there is little evidence of other immunoglobuhn isotype oligosaccharide 

changes with age, this phenomenon seems to be peculiar to IgG and to galactose since 
neither sialylation, A-acetylglucosaminylation or core substitutions were seen to change 
with age (Parekh et al 1988a). Interestingly, one study on the enzyme responsible for 
attaching terminal galactose to immunoglobulin oligosaccharides (p-1,4- 

galactosyItransferase), showed no relation between activity of the enzyme and age of 

either controls or rheumatoid patients (Furukawa et al 1990), whereas activity has been 

shown to be reduced in RA B-cells when compared to control B-cells (Axford et al 1987, 

Furukawa et al 1990, Wilson et al 1993). Whether these glycosylation changes perform a 
wider function in the immune-system, or are simply a reflection of more subtle changes in 

immunosenescence remains to be determined.
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Significant differences in GO between males and females in the human population were 
not seen in the early studies by Parekh et al (1988a) or more recently by Tsuchiya et al 
(1993) using lectins or by Tomana et al (1988) using Gas Liquid Chromatography. In 

our studies, when the human control population was divided into age groups, no 

significant difference in GO was seen between males and females. In the two strains of 

mice analysed, no significant differences were seen either, indicating that GO changes, 

although reflected in disease states, are independent of sexual predisposition to the 

disease.

Finally, these studies suggest that mice are a good model for GO changes and that when 

comparing GO values in groups of humans or mice, age-matching is of the utmost 

importance.
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CHAPTER 5

GO CHANGES IN HUMAN AND EXPERIMENTAL MODELS
OF ARTHRITIS
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5.1 INTRODUCTION

GO levels are known to be raised in a relatively limited number of diseases including RA 
(as discussed in chapter 1). What is less clear, is whether agalactosyl IgG plays a 

pathogenic role in these diseases, or is simply a marker of a combination of the 

inflammatory process and T-cell mediated damage. The recent work of Rademacher et al 
(1994a) showing that passive transfer of agalactosyl anti-collagen antibodies resulted in a 
much more severe arthritis in DBA/1 mice when compared with fuUy galactosylated 
antibodies, suggests that IgG GO can play a pathogenic role.

5.7.7 H um an rheum atoid arthritis

Due to an, as yet, unknown antigenic trigger, immunological hyperactivity and pannus 

formation over the articular cartilage leads to joint swelling, and the synovial membrane 
has been shown to be a prime site for autoantibody and rheumatoid factor (RF) 
production with plasma cells representing all five immunoglobulin classes present 

(Munthe and Natvig 1972). It is thought that locally generated RP-IgG complexes are 
likely to participate in the pathogenesis of tissue injury in RA (Gay and Koopman 1993) 
and increased IgG production in relation to IL-6 (Hermann et al 1989) has been shown 
along with increased levels of other inflammatory cytokines such as IL-1, IL-6, IL-8, 
TNFa, TGFp and GM-CSF in the rheumatoid joint (Buchan et al 1988, Elliott et al 
1993). The inflamed joint, therefore, seems to be an important location in the 
perpetuation and targetting of this disease. Increased levels of IgG GO in the sera of RA 

patients are weU documented and have been reported to correlate with measures of disease 

activity (Parekh et al 1988b, Rook et al 1991a, Tomana et al 1988, Tsuchiya et al 1993). 

SF levels of IgG GO, however, have not been as closely investigated. Reports of higher 

SF IgG GO levels than in paired sera have been made by a few groups (Parekh et al 1989, 
Tsuchiya et al 1993) and increased levels of asialylated IgG in the SF versus the serum of 

RA patients has also been reported (Casbum-Budd et al 1992). Extracellular, terminal 

GlcNAc staining in RA joint tissue when compared to OA tissue has also been observed 

(Sharif et al 1990), showing that changes in oligosaccharides in the joint are a common 

occurence in RA. Some evidence is beginning to come to light regarding the role of IgG 

GO in the formation of immune complexes and more specifically IgG autoaggregation (as 

previously postulated; Roitt et al 1988). Leader et al (personal communication) have 

shown that immune complexes, derived from RA synovial fluid, express higher levels of 

agalactosyl IgG than the original SF samples suggesting a link between GO and the 
autoaggregation of IgG. In this chapter, we analysed serum and SF from large numbers 

of RA patients for levels of GO and their relationship with each other, disease activity and 
disease duration.
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RA patients characteristically show polyclonal plasmacytosis, presence of autoantibodies 
and increases in acute phase proteins and platelets along with increased levels of IL-6 in 
the synovial joints and serum. Furthermore, it has been demonstrated that there is a 

significant correlation between the concentrations of synovial IL-6 and IgG (Hermann et 

al 1989). IL-6 may be produced locally within the joint by T-cells, B-cells, synoviocytes 
and chondrocytes (Hirano et al 1988, Gueme et al 1989, Shinmei et al 1989) and 

although originally described as a B-cell differentiation factor, IL-6 is also a major 

regulator of acute phase protein synthesis, a thrombopoietic factor and has been described 

as a regulator of acute phase protein glycosylation (Mackiewicz et al 1989). Hence, the 

abnormal production of IL-6 in RA may explain several symptoms observed in patients 
with this disease (Hirano et al 1990) including raised IgG GO. The relationship between 

this cytokine and GO levels was analysed in plasma and SF of RA patients.

Synovial fluid complexes were also investigated for further evidence of any role 
agalactosyl IgG plays in the self-association of IgG molecules.

Whether IgG GO acts as a marker of disease is also of extreme interest, since it is difficult 
to predict the disease outcome of patients presenting with early signs of arthritis, such as 
synovitis of the joints, i.e. whether they will go on to develop RA or if the synovitis is 

transient. It would also be useful to have more information as soon as possible once the 
diagnosis of RA has been established. In particular it would be most helpful to be able to 
predict the likely functional outcome and degree of disease damage at least in the first 
decade post diagnosis. Such information could well influence treatment, for example in 
deciding how early aggressive chemotherapy with drugs such as azathioprine or 
methotrexate should be used. Not all RA patients, however, show raised levels of GO. 

This has been suggested to be due to a number of factors including the stage of disease 

and the disease activity (Parekh et al 1988b, Roitt et al 1988).

In this chapter we look at the predictability of GO levels in patients presenting with early- 

onset synovitis (within one year of symptom onset) to see if GO alone, or in combination 

with other laboratory and clinical features, can be used to predict disease outcome. GO is 
also followed in consecutive bleeds of two cohorts of RA patients presenting early on in 

the disease, to see if GO correlates with clinical and serological parameters with time. The 
usefulness of GO measurements at the onset of RA were also looked at to see if this 
measurement can give predictive information about the likely type of clinical outcome for 

the RA patient (i.e. whether a persistant or non-recurrent form of RA is expected).

80



5.1.2 Murine models of  arthritis

Decreased levels of galactose on IgG molecules have been reported in an increasing 

number of animal models of arthritis (as discussed in 1.3.2.2) and parallels between 

animal and human situations can be seen. Differences must be taken into account when 
comparing results, for example, in the murine system the levels of bisecting GlcNAc are 
almost non-existent when compared to levels in human IgG (Mizuochi et al 1987) and 

asymmetrically 0 -linked oligosaccharides on the hinge regions of murine heavy chain 
IgG2a and IgGzb have been reported (Kim et al 1994, Coco-Martin etal 1992). With 

care, however, changes in IgG glycosylation in these murine models can be used to 
observe links with, and further understanding of, the human disease.
In this chapter we have looked at changes in GO levels in MRL Ipr in comparison to the 

congenic MRL +/+ strain control (these mice differ by only 2% in their genome. 
Prud'homme et al 1983) and the non-arthritis prone 'control' strain CBA/Ca. There is 

already some evidence for defective glycosylation of glycoproteins and glycolipids in this 
model, including the CD45 molecule (Yamashita et al 1989), the Forssman and Paul- 
Bunnell antigens (Katagiri et al 1984) and possibly of GMl gangliosides (Ishii and 
Watanabe 1992) in lymph node cells, indicating that glycosylation changes are a part of 
this disease.

In order to compare a spontaneous model with an induced model, serum samples from 
the collagen type 11 induced model in DBA/1 mice, were kindly provided by Dr M. Jones 
at St. George's Hospital Medical School, London, UK. This arthritis had been induced 
as previously described (Wooley et al 1981) using bovine collagen emulsified with FCA 
and injected into the base of the tail together with BCG. The mice were bled once 
symptoms were established according to a graded scale as previously described (Wooley 
e ta l 1981).

We also tested sera from several autoimmune-prone and nonautoimmune-prone strains of 

mice for 'resting' level of agalactosyl IgG at two months of age, to see if GO levels pre

onset (of a range of autoimmune diseases) can be used to determine disease development 
or susceptibility to disease.

5.1.3 Age-correction o f  IgG  GO levels

In this chapter, due to the relationship between age and IgG GO levels, all human GO 

values were expressed as standard deviations (SD) above or below the normal population 

mean for that age using the following equation:

experimental GO - normal GO level for that age j
ISD of the normal control curve ! where ISD = 7.2
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This allowed us to compare groups of patients and controls of different ages.

In the murine studies, groups of mice were carefully age-matched between arthritic, 

autoimmune-prone, non-prone and control cohorts. In addition, as described in 3.3,2, a 

selection of serum samples were kindly analysed by Dr P. Williams for levels of GO 

relative to human IgG levels using the biochemical technique, to give a range of murine 
standards used in these assays.

5.2 H U M AN  A R T H R IT IS

5.2.1 GO in rheum atoid  arthritis

5.2.1.1 GO levels in serum and synovial fluid
Paired serum and synovial fluid (SF) samples were collected from 63 RA patients 
satisfying the revised criteria of the American College of Rheumatology (the ACR, 
formerly the American Rheumatism Association, Arnett et al 1988) for the classification 

of RA. Paired samples were also collected from 14 disease controls including 
osteoarthritis (n=8), psoriasis (n=2), polymyositis (n=l), reactive arthritis (n=2) and 
backpain (n=l). Serum and SF IgG GO levels were measured (as described in 5.2), the 
results age corrected and expressed as standard deviation units above or below the mean 
GO for that age.

Using a paired student's t-test, the age-corrected mean GO level (± standard error of the 

mean) of RA sera (1.793 ± 0.20) and SF (2.477 ± 0.24) were significantly raised above 

the disease control serum (0.727 ± 0.32) and SF levels (0.891 ± 0.34, p = 0.021 and p = 

0.005 respectively).

The mean age-corrected GO level for RA synovial fluid was also significantly raised 

above the corresponding serum GO levels (p = 0.0006) whereas in the control samples 

this was not seen (p = 0.709)) (figure 5.1).
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Figure 5.1 Age corrected IgG GO levels of (o) serum and (•) synovial fluid
from RA patients and disease controls with mean ± SEM. Significant 
differences (p value) between the means (as determined using a paired 
student's t-test) given where NS = no significant difference.

A correlation between RA serum GO and SF GO was observed (r = 0.663, p < 0.0001, 
figure 5.2a) whereas, no significant correlation was seen between disease control serum 
and SF levels of GO (r = 0.150, p = 0.605, figure 5.2b).
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Figure 5.2 Serum and synovial fluid age corrected GO levels plotted against each other 
from (a) RA patients and (b) disease controls, with regression lines (as 
generated by the least squares method).
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Where possible, GO results were divided into three groups according to the disease 
activity of the patient; müd, moderate and severe based on several clinical parameters 
including early morning stiffness (EMS), night waking and Ritchie index (Isenberg et al 
1986). The mean GO level for synovial fluid was higher in each disease activity group 
when compared to serum levels. These differences were not, however, significant when 
analysed by a student's t-test (table 5.1).

Disease activity n
Mean GO level (± SEM) 
Serum Synovial fluid

Significance

mild 3 0.60 (0.57) 0.93 (0.80) NS

moderate 11 1.71 (0.53) 2.05 (0.67) NS

severe 17 1.36 (0.29) 1.84 (0.38) NS

Table 5.1 Mean GO levels (± SEM) in sera and synovial fluids from RA patients with 

different disease activities, significance between means determined by the 
student's t-test, where NS = not significantly different.

When, however, the patients were divided into duration of disease; 0-2 (n=12), 2-5 
(n=9), 5-10 (n=9) and >10 (n=12) years, synovial fluid IgG GO was significantly raised 
(p = 0.045 and p = 0.035) above semm IgG GO in patients with 2-5 and 5-10 years of 
disease duration respectively (figure 5.3).
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Figure 5.3 IgG GO levels in paired serum (o) and synovial fluid (•) samples from 
RA patients (plotted against disease duration) and disease controls. 
Significant differences indicated with the p value as determined by the 
paired student's t-test, where NS = not significantly different.
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5.2.1.2 Relationship between interleukin 6 and GO in plasma and synovial flu id  

Interleukin 6 (IL-6) levels were measured as previously described (Holt et al 1992) in 44 

paired RA plasma and synovial fluid samples kindly provided by Dr S. Hopkins, 

Manchester. The corresponding levels of IgG GO were measured as described in 3.2.

Chi-square analysis was performed (with Yates correction) to look at any possible 
associations between the level of IL-6 and GO in these fluids. Cut-off values for this 

analysis were generated by using the| mid-point of the range of each group of samples 
measured. Hence positive levels of IL-6 in plasma and SF were samples with greater 

than 66.5 and 8256.0 pg/ml respectively. The mid-point cut-off values for GO were 4.10 
and 3.54 SD units in plasma and SF respectively. These arbitrarilly chosen levels 
compared well with published levels of IL-6 found in healthy sera (Holt et al 1992,

Nakao e ta l 1991) and osteoarthritic SF samples (Hermann et al 1989) of 50 and 5000 

pg/ml respectively.

No significant correlations were seen between plasma or SF GO and IL-6 levels (r = 
0.085, p = 0.584 and r = 0.273, p = 0.073 respectively). Using the chi-squared 
analysis, no associations were found between plasma or SF GO and IL-6 levels (p > 0.05 
in both cases, figure 5.4).
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Figure 5.4 Age-corrected GO levels of (a) plasma and (b) synovial fluid from RA
patients plotted against the corresponding Log IL-6 levels. Horizontal and 
vertical lines denote mid-point of the range for each set of data around which 
chi-squared analysis was conducted, where NS = no significant association.
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5.2,2 GO in im m une complexes

Thirteen SF samples from RA patients were polyethylene glycol (PEG) precipitated (as 

described in 2.2.2.2) and the IgG purified from the resultant precipitates and 

supernatants. GO analysis was performed on these IgG samples, on the paired sera and 
original SF (as described in 3.2).

No significant differences between serum, SF, SF-PEG precipitate or SF-PEG 

supernatant IgG GO were seen in the 13 paired samples studied for complexed IgG 
(figure 5.5). The numbers were too few to divide these patients into disease duration 

groups.
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Figure 5.5 GO levels of IgG samples purified from (o) serum, (•) synovial fluid, (A) 
PEG precipitated SF and (x) SF PEG supernatant. Mean GO level ±  SEM 
plotted.

Aliquots of the original serum, SF, PEG precipitates and supernatants from four of these 

patients were run on SDS-PAGE, Western-blotted (as described in chapter 2) and probed 

with the lectins BSE and RCAI (as described in 3.2.2). The ratio of heavy chain BSE : 
RCAI binding was calculated by video-denstiometry. The relative mean amount of 

exposed/terminal GlcNAc (in comparison to terminal galactose) was significantly lower in 

the PEG supernatants when compared to the original SF (p = 0.009) as analysed by a 

paired student's t-test (table 5.2).
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Sample
Mean 

BSII : RCAI 
binding values

Significance

Serum 0.805

Synovial
fluid 1.207

-N S (p =0.145)

SF PEG 
precipitate 1.376 -p  = 0 .0 0 9 ^

-N S (p =  0.388)

SF PEG 
supernatant 0.875

-N S (p=  0.095)

Table 5.2 Mean BSII : RCAI binding values for serum, synovial fluid (SF), SF PEG 
precipitate and supernatant IgG heavy chains (separated on SDS-PAGE) and 

the paired student's t-test p values.

BSn and RCAI binding to IgG heavy and light chains within these groups was varied 
and irregular, but BSE was seen to bind the light chains when loaded with approximately 
20 |ig of IgG per lane compared to RCAI which hardly ever bound. This pattern was 

also seen when purified serum IgG of varying GO levels were run on SDS-PAGE, 
Western blotted and probed as above (figure 5.6).
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Figure 5.6 RCAI and BSII binding to purified IgG samples of differing GO levels 
(indicated above photographs) run on SDS-PAGE and Western blotted.

5.2.3 GO as a prognostic aid and longitudinal marker o f  disease

Statistical analyses using discriminant functional analysis and logistic regression were 
kindly carried out by Dr A. Young.

5.2.3.1 GO as a prognostic aid in early-onset synovitis patients
Sixty patients (20 males, 40 females, mean age 51.1 yars, range 29-73) with synovitis of 
less than one year duration (mean 7.95 months) were analysed for serum GO (as in 3.2). 
The clinical outcome of these patients was recorded along with rheumatoid factor (RF) 
titre at entry into the study as measured by latex haemagglutination (positive >1/40) in 
these samples (by Routine Immunology Services of the University College and 
Middlesex Hospital).

After four years, 39 of the 60 patients were seen to have developed RA according to the 
revised criteria of the ACR, whereas 21 were diagnosed as having other forms of
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inflammatory joint disease (including psoriatic arthritis, reactive arthritis, viral arthritis, 
transient synovitis and polymyalgia rheumatica).

At first visit to the clinic, there was a significantly higher mean GO level (corrected for 

age) in the group that developed RA compared to the group that did not (p = 0.0001, 
using the student's t-test, figure 5.7).

5.0
p = 0.0001

4.0

-  3.0

S I  2.0

0.0

^  - 1.0

- 2.0
Non-RA RA

outcome

Figure 5.7 Age-corrected GO levels in early-onset synovitis patients plotted against
disease outcome (after 2 years followup, RA or non-RA), with mean ± SEM 
and the significant difference between the means (p value) as determined 
by the student’s t-test.

Discriminant functional analysis of GO alone at time of entry, correctly distinguished the 

outcome of 47 out of the 60 patients (78%). RF titre predicted 50 out of the 60 (83%), 

whereas the ACR clinical criteria present at study entry gave the eventual outcome in 41 

of the patients (68%). Taken together, RF titre with GO levels correctly predicted the 

outcome of 94% of the patients (table 5.3).

Final disease outcome 
Non-RA patients RA patients 

(n=21) (n=39)
RF negative and GO normal 
RF negative and GO raised 
RF positive and GO normal 
RF positive and GO raised

16 2 
2 3 
2 7 
1 27

Table 5.3 IgG GO and RF levels of early-onset synovitis patients in relation to disease 
outcome after four years.

89



5.2.3.2 GO as a longitudinal marker o f disease severity/outcome in RA patients 

Two cohorts of RA sera were collected for GO analysis with time. The first (cohort A) 
consisted of 27 of the above RA patients with an additional 13 satisfying the same ACR 

criteria for the diagnosis of the disease. This cohort consisted of 26 females and 14 males 
with a mean age of 51.8 years. All patients were seen within two years of the onset of 
RA (76% within 1.5 years). Cohort B was identified from a well estabhshed, long term 
prospective study and consisted of 16 females and eight males with a mean age of 46.4 

years. These patients were also seen within two years of the onset of RA (71% within 
1.5 years). The first consultation in both cohorts of patients was prior to the prescription 

of any second line medication. Mean (± SEM) clinical and serological parameters 
recorded at entry, 1-2 years and at 3-4 years into the study of both cohorts aie shown in 
table 5.4 (overleaf).

Serum IgG GO levels were also measured at each of these time points (as described in 
3.2, table 5.4).

Twelve rheumatologists (not involved in the study) were asked which, of the 20 
clinical/serological parameters that were measured, they thought would be most important 
and useful in predicting clinical outcome in RA patients. All twelve agreed that age, 
gender, grip strength, joint score, RF titre and HSR should be considered, whereas 
opinion was divided about the remaining parameters. In this chapter, therefore, we 
looked at the corrected (in parentheses) and uncorrected correlations of these six 

parameters with GO at the various time points.

At onset, GO did not correlate with any of the six clinical/serological parameters at onset 

(i.e. entry into the study).

GO levels at entry, however, did correlate with grip strength at 3-4 years; r = 0.340, p = 

0.018 (p = 0.090) in cohort A and with HSR at 3-4 years; r = 0.561, p = 0.004 (p = 
0.020) in cohort B.

GO levels at 3-4 years correlated with ESR levels at 3-4 years in cohorts A and B; r = 
0.425, p = 0.004 (p = 0.020) and r = 0.481, p = 0.014 (p = 0.070) respectively.
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T im e

Onset 1-2 years 3-4 years

Cohort A
total number 40 33 40
positive RF titre (>1/40) 88% 97% 90%
patients with erosions 46% 52% 83%
joint score (No. joints) 9.6(1.17) 5.5 (0.99) 5.8 (0.90)
grip strength (mmHg) 170 (10.4) 170 (9.6) 170 (12.8)
ESR (mm/hour) 36.0 (4.90) 25.0 (4.00) 31.0 (3.95)
platelets (cells x 10^/dm^) 377 (22.8) 332 (19.1) 333 (19.4)
haemoglobin (g/dm^ ) 127 (2.6) 130 (4.1) 128 (2 .1)
functional grade 1.5 (0.08) 1.5 (0.12) 1.6 (0 .10)
early morning stiffness (hrs) 2.1 (0 .21) 1.4 (0.23) 1.1 (0 .20)
HAQ 6.8 (0.81) 5.2 (0.59) 8.1 (1.03)
age-corrected GO (SD units) 1.4 (0.25) 0.9 (0.30) 2.8 (0.30)

Cohort B
total number 24 21 24
positive RF titre (>1/40) 48% 67% 78%
patients with erosions 13% 65% 67%
joint score (No. joints) 14.0(1.63) 7.8(1.83) 9.0 (2.04)
grip strength (mmHg) 140 (12.7) 190 (17.0) 200 (18.4)
ESR (mm/hour) ^ 36.0 (6.53) 20.0 (4.58) 20.0 (3.27)
platelets (cells x 10 /dm ) 296 (21.8) 267 (21.7) 253 (25.4)
haemoglobin (g/dm ) 130 (23.1) 133 (3.1) 132(4.1)
functional grade 1.7 (0.18) 1.4 (0.13) 1.5 (0.14)
early morning stiffness (hrs) 2.0 (0.34) 1.1 (0.35) 0.7 (0.21)
age-corrected GO (SD units) 2.0 (0 .2) 2.2 fO.46) 2.5 m.371

Table 5.4 Mean (± SEM) clinical and serological parameters of RA patient cohorts A and 
B, Where ESR = erythrocyte sedimentation rate and HAQ = health 

assessment questionaire.

Most laboratory and clinical features of disease activity (such as ESR and joint score) 

improved in both groups over the four years of the study, as opposed to the number of 

erosions (a feature suggesting permanent damage) which increased (table 5.4). The mean 

GO levels at first visit were 1.4 and 2.0 SD above the age related mean in the two groups 

of RA patients (cohorts A and B respectively) and rose to 2.8 and 2.6 SD above the mean 
respectively after four years follow up (figure 5.8). The mean GO level at four years was 

significantly different from the initial mean GO level in cohort A (as measured by the 

student's t-test, p = 0.001), but not in cohort B (p = 0.236).
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Figure 5.8 Age-corrected serum GO levels with mean ± SEM of RA patients from 
(a) cohort A and (b) cohort B plotted against disease duration.

The patients of the combined cohorts were divided into those who went into clinical 
remission (n=l 1) over the four year period and those who had persistent or 

relapsing/remitting disease (n=53). This division, made independantly of knowledge of 

the GO levels, was based on overall clinical and serological assessments. These 

assessments included EMS, joint score and ESR levels (corrected for age and gender), 

where an EMS of less than one hour, a joint score of less than three and a normal ESR 
indicated remission of the disease (Young et al 1988). The GO levels of the combined 

cohorts when plotted against time were seen to be initially higher, in the patients who 
went into clinical remission by year four when compared to those patients with 

relapsing/remitting or persistent disease (figure 5.9). This difference was not, however, 

significant when compared in the student's t-test (p = 0.085). GO levels in remitting 

patients dropped from entry to year 1-2 and then rose by year 3-4. The overall change in 

GO during the follow-up time was, however, minimal. This trend contrasted with GO 

levels from the patients with relapsing/remitting or persistent disease, where a constant 

increase in GO levels throughout the study was observed (figure 5.9). These trends were 

not mirrored in the ESR levels where no differences between these two outcome groups 
were seen.
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Figure 5.9 Mean age-corrected GO levels (± SEM) plotted against disease 
duration for (o) non-recurrent and (•) relapsing/remitting or 
persistent RA patients.

Since GO alone at disease onset was not significantly different between the two disease 
outcome groups, discriminant functional analysis (DPA) was used to identify the best 

possible combination of clinical and laboratory features at onset to predict clinical 
outcome at four years in cohort A. The analysis showed that GO at entry was ranked the 
most important parameter for predicting type of disease outcome at 3-4 years and 
provided a better prediction than the ESR. The combined features of GO, grip strength, 
age at entry and gender, correctly predicted the course of the disease in 36 of the 38 

cohort A patients (95%) entered into the analysis. This was expressed as Rao's V, which 

measures the difference between the means of the outcome groups. The larger the 
difference, the larger Rao's V and the more significant (table 5.5).

Feature
Cumulative 

Rao's V
Cumulative
Significance

GO 6.3215 0.0119
+ grip strength 8.6425 0.0133
+ age at onset 18.0882 0.0004
+ gender 22.9214 0.0001
+ functional grade 30.2097 0.0000
+ RF titre 37.3175 0.0000

Table 5.5 DFA cumulative Rao's V values and associated significance (p values) for the 

utility of clinical and serological features on the prediction of disease outcome 
of RA patients from cohort A.
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This combination was confirmed (although with reduced power) in cohort B using 
exactly the same analysis and parameters generated by the first cohort. Successful 

classification in 18 of the 23 cohort B patients entered into the analysis (78%) was 
obtained.

In order to simplify DFA for practical use, the cohorts were recombined and discriminant 
functional coefficients were generated to create an equation for the generation of a 

discriminant score. In order to achieve this equation, the parameters were 'rounded up or 
down' to give scores in similar ranges making them comparable. Age at onset was in 

years, gender scored 1 or 2 (male =1, female = 2), functional grades of 1, 2, 3 and 4 

were scored 1, 2 or 3, grip strength ranging from 0 - 300 was divided by 10, RF titres at 

0, 1/10, 1/20 - 1/2560 were designated 0, 1 , 2 - 9  and GO levels were kept as SD units 
about the healthy mean (ranging from -1.3 to 4.1 in this study). The resultant equation 

was as follows (where 13.19 is a constant):

= (age at onset x 0.10) + (gender x 1.67) + (functional grade x 1.30) + (gripstrength x
0.26) - (RF titre x 0.21) -f- (GO x 0.26) - 13.19.

This equation was used to calculate individual patient 'discriminant scores', which were 

plotted against eventual outcome (figure 5.10). Thus, we see 92% of relapsing/remitting 
or persistent patients and 54.5% of non-recurrent patients correctly placed in their 
outcome group, giving an overall 85.5% of patients correctly identified.
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Figure 5.10 Discriminant score plotted against actual outcome of (o) non-recurrent 
and (•) relapsing/remitting or persistent RA patients
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Calculation of these discriminant scores relies on complicated statistical formulae and 
could not be used as a simple prognostic index in the clinic. However, a useful 

compromise was achieved by summing the scores assigned for all patients at first 

assessment as follows: 2 for an age-corrected mean GO less than 1.8 SD (and > 1.0 SD), 
1 each for age onset less than 50 years and grip strength less than 180 mmHg, i.e. a 
range of 0-4, where:

Likelihood of developing
Score relapsing/remitting

or persistent disease
0 50%
1 75%
2 87%

>2 93%

GO was also confirmed to be the most powerful (and only significant) predictor for 

disease outcome using dichotomous entry variables in a logistic regression model. This 
model is more stringent on the variables and is used as an alternative to DFA. The results 

are expressed as an odds ratio ±95%  confidence intervals (table 5.6). This odds ratio 
represents the relative risk of developing the two disease outcomes. This is based on the 
change in the probability of a variable successfully separating the two outcome groups 
corresponding to a 1.0 unit change in the measurement of that variable; i.e. if a 1 unit 

change in grip strength causes an odds ratio of 1.4, it has increased the predictability by 
40% in comparison to GO which changes the odds ratio to 2.5 which is a 150% increase 

in predictability.

Variable/feature Odds ratio (95% confidence limits) Significance (p)

age 1.5 (0.93-2.30) NS
gender 1.1 (0.55-1.90) NS
grip strength 1.4 (0.90-4.00) NS
GO 2.5 (1.10-5.50) 0.05

Table 5.6 Mean odds ratio (± 95% confidence limits) for outcome of disease based on 
various clinical and laboratory parameters, with significnace values as 
determined by logistic regression.
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5.2.4 Discussion

The relationship between RA serum and synovial fluid levels of IgG GO were 

investigated in relation to disease activity, disease duration and levels of the putatively 
glycosylation modulating cytokine IL-6.

5.2.4.1 Serum and synovial flu id  IgG GO relationship

RA serum and SF IgG GO levels were raised above disease control serum and SF levels 
as expected and previously reported (Parekh et al 1989, Tsuchiya et al 1993). A 
significant increase in SF versus serum GO was also seen (although the scatter was 
large), which has been reported previously but not statistically proven (Parekh et al 1989, 

Tsuchiya et al 1993). This may reflect the overall increased immunological activity seen 
in the rheumatoid joint in comparison to peripheral blood, characterized by: increased 
cytokine production (Hermann et al 1989, Sawada et al 1991); free-radical activity (Lunec 

etal 1987a, Merry e ta l 1991); infiltration of activated T-cells (van Boxel and Paget 1975, 

Goto et al 1987, Sewell and Trentham 1993); greater responsiveness to antigen of T-cells 
(Ziff 1991) and immunoglobulin producing B/plasma-cells (Sliwinski and Zvaifler 1970, 
Al-Balaghi et al 1984, Bell and Pinto 1984, Petersen et al 1984, Moynier et al 1992). It 
may also be due to the fact that specific B-cells, secreting higher levels of agalactosyl IgG 
(than peripheral blood B-cells), exist in this compartment. A çorrelation between semm 
and SF GO was also seen in the RA patients where high levels in the semm were 
accompanied by high levels in the SF. This could account for the large scatter in the GO 
levels between the compartments, indicating a free exchange of IgG between the two 

locations. Whilst the joint is often referred to as a 'sink', the synovial fluid and semm are 

often referred to as miscible compartments (Sliwinski and Zvaifler 1970, Roitt 1993) and 

this may dilute the effect of increased GO production by the joint B-cells or increased 
'homing' of agalactosyl IgG to the joint as a result of preferential involvement of GO IgG 

in immune complex formation.
The relationship between the two compartments would appear to be complicated, but a 

clear difference between semm and SF IgG GO was observed in patients with between 

two and ten years of disease duration. Clinically this period is a critical time for the 

determination of outcome in RA patients and has also been described as the period when 

the joint is chemically active (Isenberg, personal communication).

5.2.4.2 IL-6 levels in plasma and synovial fluid and relationship to GO levels
IL-6 levels have been shown to be increased (along with several other cytokines) in the 

RA joint (Al-Balaghi et al 1984, Hirano et al 1988, Houssiau et al 1988) and to correlate 
with increased IgG and RF production in that compartment (Hermann et al 1989, Sawada 

et al 1991). IL-6 has also been shown to be involved in the regulation of glycosylation of 

a number of glycoproteins including acute phase proteins (Mackiewicz et al 1989, Pos et
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al 1990) and might, therefore, be expected to correlate with GO levels in the joint. In 

these studies, neither plasma nor SF IL-6 levels correlated with IgG GO levels in these 

compartments. Correlations between these two parameters have been observed in some 
studies, for example, sera from sarcoidosis patients (O'Connor et al 1992b) and 

Castleman's disease (Nakao eta l \99 \). In a similar study to this, however, it was 
reported that neither levels of serum nor SF GO correlated with soluble IL-2R or IL-6 

(Bond et al 1994). But in mice made transgenic for IL-6, very significantly raised levels 

of agalactosyl IgG were observed compared to the controls (Rook et al 1991b). In this 
case, however, one must consider the fact that the circulating levels of IL-6 , as a result of 

the transgene, would have been physiologically unrealistic. The lack of consensus in the 
reports of links between this cytokine and IgG galactosylation could be explained by the 
measurements of IL-6. Production of IL-6 in the joint can be localized mainly to 
macrophages and fibroblasts (Gueme et al 1989) and the effects of this cytokine are 
undoubtedly local. IL-6 , however, also works as a long range messenger, especially in 
the serum, where IL-6 'binding proteins' have been described including autoantibody, 
soluble receptor, a carrier and a possible serum inhibitor (Takemura et al 1992, 
Mackiewicz eta l 1992a, Matsuda et al 1989, Rook personal communication, 

respectively). These factors, which have been suggested to prolong the half life of IL-6, 
may make detection of this cytokine diffiicult by blocking access of the detecting 

antibodies to the IL-6. The concentration of IL-6 may also be important in these studies 
since the cases where clear relationships between this cytokine and IgG GO are described, 
are those in which extremely high levels of EL-6 are seen. For example in Castleman's 
disease, IL-6 transgenic mice and in the sub-group of sarcoidosis patients. Tantalizingly 
(as described in chapter 4) IL-6 increases in man with age as does GO (Wei et al 1992, 

Fagiolo et al 1992) and would be consistent with an association between this pleuripotent 

cytokine and IgG glycosylation. Injection of mice with IL-6 resulted in an increase in 
IgG GO levels (Hitsumoto eta l 1992) and an association between peritoneal fluid IL-6 

levels and serum IgG GO was observed. The authors make the point, however, that EL-6 

is probably not the only factor involved in the production of IgG GO. This would agree 
with the lack of consistent correlation observed. Several other cytokines such as TGF|3 
and TNFa, which are raised in the RA joint (Brennan et al 1990, Buchan et al 1988), 

have also been shown to modulate acute phase protein glycosylation (Mackiewicz and 

Kushner 1990, Mackiewicz et al 1992b) and are known to act within a network with IL-6 

(Miossec 1992) and may well affect IgG galactosylation too. These points will be further 

discussed in chapter 7.

5.2.4.3 IgG GO and autoaggregation o f IgG
The increased levels of immune complexes found in the SF compared to serum of RA 
patients (Roitt et al 1982) may be a reflection of the biased production of IgG RF in the 

synovium of RA patients (Munthe and Natvig 1972) and/or the increased levels of
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agalactosyl IgG in this compartment (as described in this chapter) which may contribute 

to autoaggregation of IgG molecules. The a l ,6 arms of the Fc oligosaccharides normally 
sit bent back into 'pockets' on the surface of the protein domains (Sutton and Phillips 

1983) and it has been suggested that a lack of terminal galactose on these oligosaccharide 

chains may lead to the exposure of this 'sticky' lectin like pocket or to the exposure of 
ordinarily 'hidden' self-antigenic epitopes. This may result in self-association between 
freely exposed terminal Fab sugars on the arms of other IgG molecules and the 
agalactosyl IgG pocket or self association of IgG and IgM molecules recognizing the 
newly revealed epitopes (Parekh et al 1985). One would therefore, expect an increased 

frequency of IgG GO molecules within SF IgG-IgG immune complexes.

The relationships between PEG precipitated SF IgG, non-precipitated SF IgG and native 

SF GO levels as measured by immuno-dot blots in this study, does not support the 
autoaggregation theory since no significant increase in GO was seen in the complexed 

fraction of the SF. This may have been a consequence of re-aggregation of tlie 
complexes after purification of the IgG and possible masking of exposed galactose in the 
precipitated fractions. Leader et al (personal communication) showed increased SF IgG 
GO in PEG precipitated complexes only after careful reduction and alkylation of the 
samples straight after purification, hence abrogating re-association of the complexes. In 
order to look at completely dissociated complexes, original samples from four of the 
patients were run on SDS-PAGE followed by Western blotting with lectins. This 
revealed a significant decrease in heavy chain GO in the non-precipitated IgG fractions 

when compared to the original SF supporting the involvement of GO in the 
autoaggregation of IgG. However, differences between the precipitated IgG and non- 

precipitated IgG from the SF did not reach significance (p = 0.095). It should be noted 

that, due to small numbers the standard deviation was large and significance may be 

reached on a larger cohort of samples especially since the p value approaches 0.05.
Other groups have addressed the importance of carbohydrate in the formation of 

immunoglobulin complexes with a wide variety of results. Soltys et al (1994) looked at 

the binding of mono- and poly-reactive IgM rheumatoid factors to a panel of IgG 

preparations with varying levels of galactose. They showed that the RF's could be split 

into three main groups; one which bound the IgG samples independently of galactose 

content, another group which bound to IgG devoid of galactose and one which showed 

some preference for agalactosyl IgG. They also reported that the majority of the galactose 

dependent rheumatoid factors were from the mono-reactive group and that there was a 

very strong association between the functional affinity of the RF's and the dependent 
binding. Hence a role IgG Fc galactose in maintaining rheumatoid factor binding is 
indicated. Newkirk et al (1990), however, reported that IgM RF binding to IgGi, 2 or 4 

was not affected by the carbohydrate (let alone galactose) content of the 'target' IgG.

Later reports described that IgM RF to IgGg and IgG RF was dependent on the
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carbohydrate content of 'target' IgG (Newkirk et al 1992, Newkirk and Rauch 1993 
respectively). Interestingly, this dependency was described as being reliant upon the 
carbohydrate moieties being present i.e. the more fully givcosvlated the 'target' Fc 
carbohydrates were, the better the IgG RF bound.

In 1979, Hymes et al reported that variable region oligosaccharides on the Fab of the RF 
binding antibody, were essential for IgG-IgG complex formation in RA. The interaction 

of anti-globulin activity was localized to the light chain and removal of terminal sialic acid 
from these immunoglobuhns, abrogated complex formation. These findings were largely 

confirmed in 1987 when Middaugh and Litman deglycosylated IgG Fab fragments and 
showed dramatically decreased cryoprecipitation. Fab (Vh) sugars are known to often 
contribute to anti-carbohydrate properties of antibodies by altering the binding site or 
alternatively interacting between the two hydrophiUic carbohydrate moieties (Wright and 
Morrison 1993). Since, however, Fab glycosylation sites are not conserved, they have 
not been shown to be crucial for most antigen binding (Donadel et al 1994). A variety of 

reports on the sialic acid content of RA IgG have painted a confusing picture. Due Dodon 
and Quash (1981) described decreased levels in serum IgG; Casbum-Budd eta l (1992) 

described decreased levels in serum and SF IgG and Malaise et al (1987) and Parkkinen 
(1989) described decreased levels in serum IgG and further showed the abnormality to be 
limited to the Fc oligosaccharides. These changes were not, however, confirmed in other 
reports where no change in the siahc acid content of serum IgG (Tomana et al 1988) and 
an increase in Fab sialic acid (Parekh et al 1988c) were shown. MuUinax e ta l 1916, also 
found no differences in total IgG or F(ab')2 fragment sialic acid content in RA patients 
compared to control samples, however, a slight (but not significant) decrease in Fc sialic 

acid was shown. Another group looked at the spontaneous model of arthritis in MRL Ipr 

mice (Bond e ta l 1990) in which serum, PEG precipitated and PEG supernatant serum 

IgG were analysed. Increased BSII binding (and hence increased terminal GlcNAc 

residues), when compared to control strains of mice, was seen in serum IgG from MRL 

Ipr mice, but an increase in RCAI binding (hence increased terminal galactose) was also 
seen. The same pattern was seen in the PEG precipitates and supernatant IgG i.e. both 

BSn (GlcNAc) and RCAI (galactose) binding in the PEG precipitated IgG was increased 

when compared to the non-precipitated IgG. This was hypothesised to be due to 

increased Fab region ohgosaccharides present contributing to the complex formation and 

hence lectin binding.
The role of variable region oligosaccharides in IgG autoaggregation remains, therefore, 

relatively unresolved. Some of the uncertainties may be explained by the lower incidence 

of oligosaccharides on light chains (thought to be 15%, Wright and Morrison 1993) 

making investigation of that fragment more difficult. In these studies, twice as much 

sample was loaded onto the gels in order to run enough light chain for analysis. This 

showed B Sn binding to light chain (although less frequently than that seen to heavy
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chain) and very little (and infrequent) binding of RCAI. Together, this suggested that 
IgG light chain can be agalactosylated in RA sera and SF and that when galactosylated, 
the oligosaccharides on these chains are usually sialylated. Other studies on Fc and Fab 

fragments of RA sera (generated by papain digests, in collaboration with Dr N. Sumar) 

have shown that the Fc fragments generally mimic the overall GO value for total IgG, 
whereas the Fab fragments do not. Overall it would appear that the heavy chain of IgG 

only shows galactosylation changes in the conserved Fc oligosaccharides and that some 
variation can be seen on light chain oligosaccharides (figure 5.11).

Usually fully sialylated 
and galactosylated i.e. 
not much variation.

Occasionally agalactosyl 
but always sialylated when 
galactose is present i.e. see 
BSII binding but very rarely 
RCAI binding

Variable
i.e. see terminal sialic acid (some) 
terminal galactose and GlcNAc

Figure 5.11 Cartoon IgG structure (where hatched regions represent light chain 
domains)and position of associated oligosaccharides ( )with 
suggested variation in terminal monosaccharides.

Detailed biochemical analysis of light versus heavy chain and Fc versus Fab fragments of 
RA IgG is eagerly awaited.

5.2.4A The prognostic value o f IgG GO in early-onset synovitis patients 

It could be seen from figure 5.7 that the mean levels of IgG GO were higher in the group 

of early synovitis patients who went on to develop RA than those who did not. GO levels 

alone predicted 78% of early synovitis patients disease outcome correctly. RF 

measurement on the same cohort of patients was able to predict 83%, whereas ACR 
criteria only predicted 68%. Using discriminant functional analysis, the combination of 

GO level and RF titre of these patients gave an overall correct prediction of 94%. Tliis 
level of prediction is clearly very high and indicates that GO measurements would be 
useful for the diagnosis of RA in the clinic. A similar study on the development of RA in
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Pima and Papago Indians, has recently corroborated these findings (Tomana et al 1994). 

This study describes decreased levels of IgG galactose in individuals prior to the onset 
RA and suggests that IgG GO may be a risk factor in the development of RA. Tomana et 

at also discuss that IgG galactose levels taken alone, prior to onset do not predict to 

100%, which agrees with the findings described above where RF titre increases the 
prediction of RA in these patients.

5.2A.5 GO as a longitudinal marker o f disease
Several clinical and serological parameters were measured in two cohorts of RA patients 
longitudinally to study the relationships between GO and clinical and laboratory 
parameters further into the disease. Since when several parameters are analysed for 

correlations, the p value has to be corrected by multiplying it by the number of 
correlations made, it is clearly desirable to look at correlations with the most likely 

parameters. As a result, a consensus was achieved on the six most important, easily 

attainable and useful parameters to be considered by twelve independent rheumatologists. 
These included age, gender, grip strength, joint score, RF titre and ESR and correlations 
were made between GO levels and these parameters. It was evident that GO did not 
correlate with many individual clinical/laboratory parameters in this study. GO at the first 
specialist consultation, and at four years, only correlated significantly with ESR at the 

four years time point and no correlations were seen between GO and the other parameters 
measured at entry. The extent to which GO levels correlate with these types of clinical 
and serological features is not fully understood and a wide range of findings have been 
reported: Tomana et al 1988 found GO levels in RA patients to be correlated with pain 
and sero-positivity but not with gender, race, disease duration, radiographic grade, 
disability index, extraarticular manifestations or corticosteroid use; we have previously 

foimd GO to correlate with IgG RF in juvenile onset RA patients (Sumar et al 1991a) and 

weakly with IgM and IgA RF in adult RA patients (Sumar et a/1991b); GO has been 

shown to correlate positively with levels of serum C-reactive protein, ai-acid 

glycoprotein, and negatively with serum albumin levels in Crohn's patients (Dubé et al 

1990); with soluble interleukin-2 receptors in leprosy patients undergoing episodes of 

erythema nodosum leprosum (Filley et al 1989) and with interleukin-6 in a sub-group of 
sarcoidosis patients (O'Connor eta l 1992b).

The overall trend in RA GO levels from entry to four years was to increase but 

the data in this study also shows that GO levels fluctuate during the course of RA. This 
type of change in GO has often been reported to correlate with overall disease activity 
(rather than with individual clinical/laboratory parameters). During pregnancy, levels of 

agalactosyl IgG drop in RA patients with an accompanying remission of the disease and 

rise again dramatically post-partum with the relapse of the disease (Rook et al 1991a). 

Juvenile onset RA patients progressing to inactive disease were shown to have a 

concomitant decrease in GO levels (Parekh et fl/1988b) and Tsuchiya et al (1993) showed

1 0 1



fluctuations in amounts of terminal galactose in RA patients which followed disease 
activity. Arguably, GO levels have not been extensively followed in the other diseases 
presenting with high levels of this defect (such as Crohn's disease and TB), and although 

(as mentioned above) GO in these patients has been shown to correlate with some 

individual measures of activity, it is always desirable to confirm any given correlations by 

examining a second cohort. Successful chemotherapy of patients with TB, however, is 
mirrored by decreases in GO levels (Isenberg 1992) and recently Rook et al (1994) 

described a similar trend in TB patients treated longitudinally with immunotherapy.

In this study, although few correlations with GO and clinical/serological parameters were 

seen, the overall features of disease outcome (such as erosions) deteriorated in relation to 
an overall increase in GO levels with time. This supports the above cases of GO 

correlating with disease activity. It would seem, therefore, that the best associations 

between these kind of features and GO levels, are made when overall disease activity 

(based on a range of chnical and serological parameters) is assessed rather than individual 
measurements and it could be said that GO levels do correlate with immunoregulatory 

change as seen in the treatment or remission of disease in a range of diseases described 

above.

5.2A.6 GO as a predictor o f disease outcome in RA patients
Patients from cohorts A and B were pooled and divided into two disease outcome groups, 
non-recurrent patients or those that had relapsing/remitting or persistent disease.

GO levels decreased then increased with time in patients with remitting disease (Figure

5.9), whereas the relapsing/remitting and persistent patients showed a different trend, 
with GO levels increasing throughout the study. A difference in GO levels at entry was 

also seen between these two disease outcome groups, non-recurrent RA patients showing 
higher GO levels than the relapsing/remitting and persistent patients at this point (figure

5.9). This result was, however, not significant (p = 0.085) but suggested that GO is 

useful in distinguishing those patients in whom the disease onset is of an insidious and 
'lowgrade' onset compared to the more acute, explosive and widespread kind which is 

less likely to relapse once it has gone into remission.

In order to investigate whether GO together with other combinations of clinical/serological 

features could provide a useful (significant) separation of the two outcome groups, 

discriminant functional analysis was once again employed. Values from cohort A were 
used to generate the analysis which was then applied (i.e. re-tested) on cohort B.

GO was found to be the most powerful of all the various parameters included in die DFA 
for the separation of early RA patients into the two disease outcome groups after four 

years. When GO levels were taken in conjunction with grip strength, age and sex, the 

outcomes of 95% of patients were correctly predicted. When applied to cohort B, this 

combination of parameters predicted outcome with reduced power, but stiU correctly in
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78% of patients. The greater severity of disease in cohort A (46% and 88% had erosions 

and a positive RF respectively compared to 13% and 48% in cohort B) might be an 
explanation of this difference. What was particularly interesting in these findings was 

that a very high GO level was an indicator of a 'good' outcome, confirming the initial 

observation that the non-recurrent patients had a higher mean GO level at entry into the 

study. A similar pattern has been reported in sarcoidosis, where patients who usually 
underwent therapy mediated resolution of the disease (and hence had a good prognosis or 

outcome) were shown to have the highest GO levels at entry into the study, whereas those 
with intermediate GO levels were the patients who did not resolve their disease (O'Connor 

e ta l 1992a).
In order to simplify the above analysis, discriminant scores were generated and plotted 
against actual outcome (figure 5.10). From this graph it was seen that 92% of the 
relapsing/remitting and persistent patients were correctly identified by the score, whereas 
only 54.5% of non-recurrent patients were. This lowered predictive value for non
recurrent patients may reflect the smaller number in this outcome group or simply that the 
discriminant score is most useful (and was set up) for predicting a poor outcome. The 
generation of the discriminant score, although helpful, remained unwieldy, so a simple 
formula was generated (as described in 5.2J.2). In summary these results suggest that 
approximately one year after onset of symptoms in patients with established disease, a 

relatively low GO of less than 1.8 SD (but greater than 1.0 SD) is a poor prognostic 
feature and taken in conjunction with grip strength, gender and age of disease onset, the 

relatively simple prognostic index developed can be easily applied by the rheumatologist 

in the clinic to predict disease outcome at four years.
To further evaluate the importance of GO in disease outcome prediction a logistic 
regression model was applied and the results expressed as an odds ratio. This confirmed 

GO as highest predictor (changing the odds ratio from 1.0 to 2.5 i.e. by 150%) and as the 
only significant single parameter for prediction of disease outcome in these patients.

These findings can be compared with a recent longitudinal study by Van Zeben et al 
(1994) who assessed GO levels, joint score, erosion score, Steinbrocker’s functional 

grade, HAQ and the number of second line drugs prescribed. Their proposed conclusion 

was that by distinguishing the patients with raised GO at first available bleed with several 
other clinical parameters, using DFA they could identify a group more likely to have 

erosions, more active disease and a requirement for more second line drugs. This 

conclusion would seem to agree with previous findings (Parekh et al 1988b), but did not 

rank GO levels as high as the DFA in this study. The difference in these results is 

probably explained by differences in time of bleed studied by this group. The first 

available bleed in their study was at a mean of 3.4 years after symptom onset, whereas 

our first available bleed was obtained at an average of nine months. Thus, in this study 
GO and other parameters were recorded much earlier and at a different stage in the 

disease. In an earlier report by the same group (Van Zeben et al 1993), logistic
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regression was used to place clinical and laboratory features in order of importance for the 

prediction of whether RA patients went on to develop a mild or progressive disease and 

the likelehood of erosions. Both of these analyses placed GO levels amongst the top four 
parameters in predicting these types of disease outcome. Again, any differences between 

the two studies could be due to the patient groups used, the mean duration of symptoms 

prior to the first available bleed for analysis was 'less than five years'. Most importantly, 
the observations in this study have been made, and essentially confirmed on two separate 

cohorts of patients.

5.3 M U RIN E M O D ELS OF A R T H R IT IS

5.3.1 Increased GO in arthritis-prone strains o f  mice

Two strains of arthritis-prone mice were assayed for serum levels of IgG GO to see if they 
mirrored the changes in IgG glycosylation seen in human RA.
MRL Ipr mice (which develop a spontaneous arthritis in some animal house facilities) were 
bred in our own animal house facility and were judged to have clinical signs of vasculitis 
by three months of age. No clinical signs of arthritis, however, were seen although 
histological tests were not performed on these mice.
Sera from DBA/1 mice induced to develop arthritis with injections of collagen type II were 
kindly obtained from Dr M. Jones (St. George’s Hospital Medical School, London, UK) 
at the onset of arthritis (determined on a graded scale based on the number of joints with 
swelling and erythema per paw, Wooley et al 1981).

5.3.1.1 Spontaneous model o f arthritis
Seram samples taken from MRL Ipr mice aged three months (n=3) and six months (n=6) 

were analysed for IgG GO levels as described in 3.3.2. Samples were also taken from 

mice of the congenic MRL +/+ strain at three months of age (n=6) and the normal 

CBA/Ca strain at three months (n=7) and 6 months of age (n=5).

MRL Ipr mice had significantly increased mean (± SEM) levels of serum GO (63.7 ±

4.09) when compared to MRL +/+ mice (42.2 ±  1.04) and CBA/Ca (29.2 ±3.13) at three 

months of age (p < 0.001 and p < 0.001 respectively, figure 5.12a). MRL +!+ mice 
mean IgG GO levels were also significantly higher than CBA/Ca mice (p = 0.003) at this 

age. At six months of age, MRL Ipr still had significantly higher mean (± SEM) levels
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(68.9 ± 1.47) than the CBA/Ca mice (31.5 ± 2.43) of the same age (p < 0.001, figure 
5.12b) as determined by the sudent's t-test.

p < 0.001
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Figure 5.12 Serum IgG GO levels from (a) CBA/Ca, MRL +/+ and MRL Ipr mice at 
three months of age and (b) MRL Ipr and CBA/Ca mice at six months of 
age. Mean ± SEM shown, where p = significant difference between the 
means as determined by the student's t-test.

5.3.1.2 Collagen induced arthritis

Sera from DBA/1 mice injected with collagen type II (n=10) to induce arthritis or saline 
injected (n=l 1) control mice were analysed for IgG GO levels as described in 3.3.2. 

Mean (± SEM) serum GO levels were not significantly raised in mice injected with 

collagen at 4.4 months of age (37.7 ± 3.33) when compared to the saline injected control 

mice (32.7 ± 0.25). At five and six months, however, significant differences were seen
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mice (32.7 ± 0.25). At five and six months, however, significant differences were seen 
between arthritic (58.8 ± 4.64 and 54.1 ± 2.29 respectively) and saline control (39.2 ± 

0.98 and 43.8 ± 1.07 respectively) IgG GO levels (p = 0.006, p = 0.011 respectively, 
figure 5.13) as determined by the student's t-test.
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Figure 5.13 Serum IgG GO levels with mean ± SEMof DBA/1 mice injected with 
(o) PBS or (•) collagen type II to induce arthritis, at 4.4, 5 and 6 
months of age.

5.3.2 Do strains o f  mice prone to autoim m unity have higher GO levels?

Eleven strains of mice (DBA/1, DBA/2, BALB/c, CBA/Ca, SJL, NZB, NZW, A/J, 

AKR, NOD, MRL +/+ and MRL Ipr) were bled at two months of age and the sera were 
analysed (as described in 3.3.2) for levels of serum IgG GO, in order to assess the 

background or 'resting level' and it s indication of susceptibility to develop spontaneous 
or inducible forms of arthritis, or autoimmune disease.

The mean levels of GO varied widely between strains, ranging from 20.6 ± 1.51 to 55.2 
± 2.51 (mean ± SEM), depending on the strain of mouse studied with the highest levels 

in MRL Ipr and NOD mice and the lowest in CBA/Ca and DBA/2 mice (figure 5.14).
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5,3.3 Discussion

The increased levels of serum IgG GO in the arthritic DBA/1 and MRL Ipr mice 

compared to the controls, show that IgG GO is a feature of both human RA and murine 

models of this disease. The levels of IgG GO in the MRL Ipr mice are extremely high at 
both three and six months of age, as are the levels of the arthritic DBA/1 mice at five 

months suggesting that these are good models to use for studies of this defect. Levels 
increase with time and severity of overall autoimmune disease. Similar observations were 

made in Lewis rats induced to develop arthritis with adjuvant, where increasing amounts 
of terminal GlcNAc were exposed as the disease developed in severity (Yagev et al 

1993^

It is clear from figure 5.12, that the congenic MRL +/+ strain mice at three months of age, 

show an intermediate serum GO level between that of the MRL Ipr and CBA/Ca mice.
This accords with reports that MRL +/+ mice also develop a similar disease to MRL Ipr 
mice, but at a much later stage in life (Theofilopoulos et al 1992). It would be interesting 
to measure IgG GO levels in MRL +/+ mice later in life at the onset of their disease to see 
how they compare with the levels of arthritic MRL Ipr mice.
Sobel et al (1991) have shown the levels of IgG]a and IgG| to be highly increased in 

MRL Ipr mice sera, which may account for the excessively high GO values found in this 
strain since Rademacher et al have recently shown the IgG]a subclass to be the most 

important in the induction of collagen induced arthritis in DBA/1 mice and to be the most 
agalactosylated subclass in serum (personal communication).

Interestingly, DBA/1 mice showed no significant differences in IgG GO between the 

collagen induced arthritic and control mice until five months of age. This may be due to 

the induction protocol, where mice were not injected with collagen until 3.5 months of 

age and, since the half life of IgG is 21 days, any differences would be expected to take a 

few weeks to emerge. Male DBA/1 mice have been shown to develop a spontaneous 
arthritis by four months of age (Nordling et al 1992) which, if accompanied by increased 

levels of IgG GO, would further decrease any differences between the collagen induced 

and control mice IgG GO levels.

The resting level of agalactosyl IgG in two month old mice from eight autoimmune-prone 

and four nonautoimmune-prone strains varied widely (figure 5.13). No correlation with 
susceptibility to induced autoimmunity was evident, but of the three strains developing 

spontaneous autoimmune disease: lupus-like syndrome and an arthritis in MRL Ipr 
(Cohen and Eisenberg 1991); diabetes and polyendocrine disease in NOD (Kikutani and 
Makino 1992, Bernard et al 1992) and haemolytic anaemia in NZB (Holmes et al 1963)), 
the NOD and MRL Ipr had by far and away the highest GO values (55.24-/- 2.52 and 44.4
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+/- 0.8 respectively). The third strain NZB was, however, unusual with relatively low 
levels of GO at two months of age. These levels, however (as discussed in chapter 4), 

rose rapidly to 55.7 +/- 2.48 by four months of age concurrent with the spontaneous 

onset of their Coombs’ positivity (Holmes at al 1963) showing that an increase in GO 

does occur in this strain. The possible pathogenic role of the GO antibody to band 3 of 

the erythrocyte antigen in NZB mice (Barker et al 1993) is currently under study to see if 
this glycoform in particular, as shown in collagen arthritis (Rademacher et al 1994a) is 

important in this model. Autoimmune-prone strains such as DBA/1 (Holmdahl et al 
1992), SJL (Chironopoulou and Caryanniotis 1992, Miller et al 1992) and MRL +/+ 
(Theofilopoulos et al 1992) with lower resting levels at two months than MRL Ipr and 
NOD mice, still develop autoimmune disease, but this is often much later in life or only 

after induction by various agents.
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CHAPTER 6

LOCALIZATION OF GO PRODUCTION A T THE CELLULAR
L E V E L
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6,1 INTRODUCTION

Increased levels of agalactosyl IgG in the synovial fluid (SF) and serum of rheumatoid 

arthritis patients and in the serum of arthritic mice has been demonstrated. The origin of 

these agalactosyl IgG molecules, however, is stll not clear and may be important in 

understanding the initiation and regulation of this defect (as discussed in chapter 5). 

Reports of the activity and level of expression of p-1,4-galactosyltransferase (GalTase, 
the enzyme responsible for adding terminal galactose to oligosaccharides) and tlie 
associated protein kinase (p58GTA) g^ne in various lymphoid compartments of mice, do 

not produced a clear pattern for the site of production of agalactosyl IgG. Even less is 

known in humans due to the low numbers of synovial fluid and other lymphoid 

compartment B-cells available for analysis, although those in the peripheral blood have 
been shown to have reduced GalTase activity in RA patients (Axford et al 1987, 

Furukawa et al 1990, Wilson et al 1993). Some evidence suggests differences may exist 
between various tissues, since liver ceU homogenate derived GalTase was not able to 
galactosylate asialo-agalacto-IgG, but added terminal galactose to transfeixin molecules 
(which are produced by the liver, with identical oligosaccharide structures to IgG Fc, 
Furukawa et al 1990). Furthermore, in multiple myeloma patients bone marrow GalTase 

activity has been shown to be decreased in relation to TV-acetylglucosaminyltransferase m  
with a concomitant decrease in IgG galactosylation (Nishiura et al 1990), showing that 
these variations in transferase activities may occur in several different tissues and cell 

types.

To enable us to look at the effects of microenvironment, cytokines and other cells on the 

regulation of this defect, we wanted to find the site/s of agalactosyl IgG production. In 

this chapter we investigated the distribution of spontaneous IgG GO production by 

mononuclear cells from different lymphoid compartments available to us in the human 

and murine systems. In order to enhance detection of any differences in the distribution 

of IgG GO production, RA patients and two murine models of arthritis with high levels of 
serum IgG GO (MRL Ipr and collagen induced arthritic DBA/1) were used for these 

studies and compared to controls.

CeU suspensions were taken from RA and control peripheral blood and from RA SF and 

cultured with pokeweed mitogen (PWM) in order to generate enough IgG to analyse. GO 

levels of induced IgG were measured in the resultant supernatants. In addition, the levels 

of secreted IgG GO were measured in supernatants from SF B-ceU clones (generated by 

fusions of SF mononuclear ceUs from two RA patients with a heteromyeloma cell line, 
SPAZ-4, kindly donated by Dr C. Brown, The Kennedy Institute of Rheumatology, 
London, UK, Brown et al 1990).
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Since MRL Ipr mice develop high levels of serum GO, peripheral blood, bone marrow, 
lymph node and spleen cell suspensions from these mice were analysed for spontaneous 

secretion of agalactosyl IgG and compared to the levels secreted by the same 

compartments of the control strain CBA/Ca. The spontaneous secretion of agalactosyl 

IgG by collagen induced arthritic DBA/1 mice compared to non-arthritic controls was also 
examined in spleen cell suspensions from these mice.

6.2 H U M A N  L Y M P H O C YTE S

6.2.1 Peripheral blood m ononuclear cell secretion o f  GO IgG

In order to study peripheral blood mononuclear cell (PBMC) spontaneous secretion of 

agalactosyl IgG, PBMC from RA patients and controls were isolated as described in

2.2.7.1 and cultured at 10  ̂cells/ml for seven days. Supernatant IgG concentrations were 
analysed and found to contain less than 0.5 pg/ml IgG. This concentration was too low 
to be detected by the GO assays (data not shown). As a result of this, 23 RA patients and 
9 healthy controls PBMC were separated and cultured with PWM for seven days (as 

described in 2.2.10) for maximal IgG production. The resultant supernatant de novo 
secreted IgG was purified by affinity chromatography and the GO levels measured (as 
described in 3.2). Parallel serum samples from the same individuals were taken and 

analysed for IgG GO.

The de novo secreted IgG purified from the RA PBMC supernatant had significantly (as 

measured by the student's t-test, p = 0.016) higher levels of GO (mean levels expressed 

as SD units above or below the healthy control population serum mean, ± standard error 

of mean (SEM)) than the control supernatant IgG: 0.86 ± 0.43 and -0.93 ± 0.06 

respectively, with a wider spread of values (reflected in the SEM, figure 6.1).
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Figure 6.1 GO levels (in SD units above or below the healthy control mean) of PBMC 
PWM culture secreted IgG from healthy controls and rheumatoid arthritis 
patients. Significant difference expressed as p.

In the control group, 6 out of 9 individuals showed higher levels of GO in serum IgG 
when compared to de novo secreted IgG (p = 0.022) and although 14 of the 23 RA 
patients also showed increased serum IgG GO levels when compared to de novo secreted 
IgG, this was not significantly different (p > 0.3, figure 6.2).
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Figure 6.2 Age-corrected IgG GO levels of PWM culture secreted and parallel serum

samples from (a) healthy controls and (b) RA patients. Significant difference 

according to paired student's t-tests given as p, where NS = no significant 
difference.
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There was no significant difference between untreated patients and those treated with 

first-line drugs and those on second-line drugs, with respect to the results obtained for 
GO levels of IgG secreted in vitro (p > 0.1). The number of patients on major 
immunosuppressive (third line) drugs was too low to allow sensible statistical analyses 
(figure 6.3).
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Figure 6.3 Age-corrected, PWM cultured PBMC secreted IgG GO levels from patients 

on 1st, 2nd and 3rd line drugs. Mean ± SEM given.

6.2.2 Synovial f lu id  cell secretion o f  GO IgG

6.2.2.1 Synovial flu id  mononuclear cells
Synovial fluid mononuclear cells (SFMC) were separated as described in 2.2.7 from five 

RA patients, cultured with PWM for seven days (as above) in order to produce maximal 

IgG secretion and the resultant supernatant IgG was analysed for GO levels.

All five samples secreted IgG GO levels greater than the healthy control population (serum 
mean) resulting in a significantly raised mean (± SEM) of 2.16 (± 0.40) as determined by 

the student's t-test, p = 0.012, figure 6.4).
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Figure 6.4 Age-corrected GO levels (SD units above or below the healthy control serum 
mean) of RA patient SFMC cultured in vitro with PWM for seven days. 
Mean ± SEM given and significance of the mean from the healthy control 
population expressed as p.

62.2,2 Synovial flu id  derived B-cell hybridomas
Synovial fluid B-ceU hybridoma clones were generated from two RA patients by Dr C. 
Brown (Brown et al 1990) and the culture supernatants were kindly donated for analysis 

of secreted GO IgG which was analysed as described in 3.3.3.

Five clones out of 10 from patient A and 3 out of 6 from patient B secreted agalactosyl 

IgG 1.0 or more standard deviations above the mean for serum GO of the age-matched 
control population (figure 6.5) and totally, 11 of 16 secreted GO levels higher than the 
healthy control mean values. The mean levels of GO secreted by each patient were not 

significantly raised above the control population mean for serum (as analysed by the 

student's t-test, p > 0.09 and p > 0.17 for patient A and B respectively).
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Figure 6.5 Age-corrected IgG GO levels of IgG secreted in vitro from 16 B-cell clones 
derived from two RA patients. Mean ± SEM given and significance of mean 

from the healthy control population where NS = no significant difference.

6,3 M U R IN E  M O NO NU CLEAR C ELLS

6.3,1 IgG  secretion in m urine cultures

Spleen cell suspensions from arthritic DBA/1 and MRL Ipr mice and bone marrow cell 
suspensions from MRL Ipr mice were prepared as described in 2.2.72  and cultured at 

1Q6 cells/ml for four and eight days.

No significant difference in the resultant supernatant concentration of IgG was seen 

between four or eight days of culture in either of the strains or lymphoid compartment cell 

suspensions tested (figure 6.6). Day four cultures were consequently used throughout 
these murine studies.
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Figure 6.6 Mean (± SD) concentration of secreted IgG from (o) four and p) eight 
day cultures of DBA/1 and MRL Ipr spleen cells and MRl Ipr bone 
marrow cells. NS = no significant difference as determined by the 
student's t-test.

6.3.2 D istribution o f  GO secreting B-cells in arthritic versus control mice

6.3.2.1 Spontaneous model o f  murine arthritis
Pools of MRL Ipr mice (mean age four months, range 3-5 months) and CBA/Ca mice 

(mean age five months, range 3-7 months) were sacrificed and lymphoid tissues 
removed. Mononuclear cells were separated from peripheral blood, bone marrow, lymph 
node and spleen as described in 2.2.7.2 and cultured for four days at 10^ cells/ml. The 

resultant supernatant was analysed for IgG concentration and GO levels were determined 

as described in 3.3.3. Parallel samples of sera were obtained and analysed for IgG GO 
levels.

In the MRL Ipr cultures the concentration of secreted IgG was fairly evenly distributed 

amongst the four lymphoid compartments analysed, the only significant difference was an 

increased level of secretion by the spleen when compared to the bone marrow (p = 0.024, 

figure 6.7a). Corresponding GO values of this secreted IgG were seen to vary between 

the compartments. Peripheral blood and spleen cell cultures secreted IgG with 

significantly higher levels of GO when compared to bone maiTOw cultures (p = 0.007 and 
p = 0.044 respectively) but these levels were not significantly raised when compared to 

the lymph node (p > 0.1, p > 0.2 respectively) and lymph node levels were not 
significantly different from those of the bone marrow (p >0.6).
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Figure 6.7 Different MRL Ipr lymphoid compartment spontaneous secretion of IgG 
(a) IgG concentration (b) IgG GO level. All with Mean ± SEM.

IgG secretion in the control strain CBA/Ca was not significantly different in any of the 
compartments studied (figure 6.8a). Lymph nodes were only obtained from this strain on 
one occasion and consequently, statistical analyses were not performed on the results 

from this compartment. Spontaneously secreted IgG GO levels were only significantly 

different between the bone marrow and spleen cultures (p = 0.01) where higher levels of 
agalactosyl IgG were secreted by the bone marrow (figure 6.8b).

118



sp leen  Peripheral 
blood

Bone
marrow

Lymph
node

<D
>_Q)
O
(J
O

■O
0

2o
0(/)
§
oc:
■§

Spleen Peripheral Bone Lymph 
blood marrow node

Figure 6.8 CBA/Ca lymphoid compartment spontaneous secretion of IgG 
(a) IgG concentration (b) IgG GO level. All with mean ±  SEM.

When comparing the two strains, production of IgG (IgG concentration) was 

significantly raised in the MRL Ipr splenic cell supernatants (p = 0.043) whereas bone 

marrow and peripheral blood cell culture supernatants did not differ in IgG concentration 

between these two strains (p > 0.2 and p > 0.3 respectively). GO levels of secreted IgG 

from peripheral blood and spleen cell cultures were significantly higher in MRL Ipr when 

compared to CBA/Ca (p = 0.041 and p = 0.048 respectively). No significant difference 
was seen between secreted IgG GO levels from bone marrow cell cultures of these two 

strains (p > 0.7).
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Serum IgG GO levels in MRL Ipr mice were also significantly raised above those of 
CBA/Ca mice as shown and discussed in chapter 5 (p = 0.004).

6.3.2.1 Induced model o f murine arthritis

Spleens from DBA/1 mice (mean age 5.1 months, range 4.5-5.9 months) with and 

without collagen induced arthritis (as described in chapter 5) were kindly donated by Dr 

M. Jones. Cell suspensions from spleens of these mice were prepared as described in

2.2.7.2 and cultured for four days at lO^ceUs/ml. De novo secreted IgG was analysed 
for levels of GO along with parallel samples of serum as described in 3.3.3 and 3.3.2.

No significant differences in IgG secretion or GO levels were seen between the control 
and arthritic mice spleen cell suspensions (p > 0.6 and p > 0.3 respectively, figure 6.9). 
A significant difference, however, in serum IgG GO levels was seen between the arthritic 

and non-arthritic mice as shown and discussed in chapter 5 (p = 0.011).
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Figure 6.9 DBA/1 control (PBS injected) and arthritic (collagen induced) 
lymphoid compartment spontaneous secretion of IgG (a) IgG 
concentration (b) IgG GO level. All with mean ± SEM.
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6.4 DISCUSSION

6.4.1 Human lymphoid compartment secretion of IgG GO

Agalactosyl IgG is found in the synovial fluid (SF) of RA patients and at overall 

significantly higher levels than in the serum. A correlation between serum and SF levels 

also exists, indicating a degree of miscibihty between these two compartments (chapter 5, 
Sliwinski and Zvaifler 1970, Roitt 1993). This chapter has shown that circulating 

peripheral blood B-cells are able to secrete this glycoform of IgG when driven by PWM. 
Interestingly, significantly higher levels of IgG GO were found in the serum when 
compared to de novo secreted IgG in the control population, suggesting that either 
another lymphoid compartment is contributing higher levels of GO IgG to the circulation 
or that some post-secretory damage occurs during circulation. This pattern was not 

observed in the RA population, where the average GO level of de novo secreted IgG, 
although lower than the serum level, was not significantly different. This trend may have 

been masked in RA patients by the already increased levels of agalactosyl IgG secreted by 
these cells. In other words, the galactose residues were already missing, so no 
significant effect on the level of galactose during circulation could be expected. The effect 
of drugs on these B-cells was analysed, but no clear picture emerged. Synovial fluid B- 
cells driven with PWM or immortalized with fusion partners were also shown to be able 
to secrete GO IgG. Only five of the SF PWM cultures analysed contained enough B-cells 
and consequently enough secreted IgG to analyse, but each of these secreted higher levels 
of IgG GO than age-matched control serum levels and an overall higher mean level than 
PWM driven PBMC (2.16 for SF versus 0.86 for peripheral blood) suggesting that the 

low numbers of B-cells within this compartment are able to contribute to this defect and 
possibly to a greater extent than peripheral blood B-cells. Fifty percent of the SF B-cell 

clones from each patient secreted IgG greater than 1.0 SD above the control population 

value for serum IgG, showing a heterogeneous population of GO IgG secretors in this 

compartment These clones, however, were only derived from two individuals, and it 

can be argued were not truly representative of the general population of RA patients B- 
cells. It has been reported that a single clone, although secreting immunoglobulin 

molecules with identical specificity, are able to secrete all 32 glycoforms of IgG 

(Rademacher et al 1985, Mizuochi et al 1982, Takahashi et al 1987), so to find a wide 

range of IgG GO levels secreted by different clones from the same individual was hardly 

surprising. What would be interesting to determine, is the relative precursor frequency of 

each of these clones in the rheumatoid synovium to see if the agalactosyl IgG secreting 

cells are preferentially activated in the joint and therefore contributing to the increased 

levels of IgG GO found in this compartment when compared to the serum. Whether 
healthy control SF derived PWM driven or cloned B-cells secrete agalactosyl IgG would
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also be of interest to analyse, although the number of B-cells in the healthy synovium is 
tantalizingly low.

6.4.2 M urine lym phoid com partm ent secetion o f  IgG  GO

Ideally, these distribution studies would have been carried out on spontaneously secreted 
IgG rather than the sub-population of B-cells responsive to PWM and also from a wider 

variety of lymphoid compartments. To this end, murine cultures were examined from the 
spontaneous model of arthritis in MRL Ipr mice and the collagen induced arthritis model 
in DBA/1 mice. Spontaneous IgG secretion was seen to be similar from all lymphoid 
compartments in the MRL Ipr mice apart from the spleen, where higher levels of IgG 

were secreted. This finding could be explained by the relative frequency of B-cells within 
this compartment compared to other lymphoid tissues; however, when corrected for 

approximate percentage of B-cells (as analysed by flow cytometry, data not shown), the 
relative amount of spontaneous IgG secretion per 10  ̂B-cells was still highest in the 
spleen cell cultures. Other studies on the compartmentalization of spontaneous, in vitro 
autoantibody production in this strain, have revealed the highest secretion by spleen cells 
(when compared to lymph node and salivary glands, Jonsson et al 1991) and most 
spontaneous IgG secretion has been shown to be highest in the spleen (Kerlin and Pike
1991). It is, therefore, not unusual to find a skewed distribution of immunoglobulin 
secreting B-cells in this strain. It was also interesting that elevated IgG secretion by MRL 

Ipr when compared to arthritic DBA/1 and CBA/Ca splenic cultures was evident, 
supporting reports of an increased polyclonal B-cell activation, striking increases in 
serum immunoglobulin (especially IgG), increased autoantibody production in this strain 
(Cohen and Eisenberg 1991, Tarkowski et al 1990) and increased IgG secreting 

hybridomas in autoimmune strains of mice in general (Yin et al 1991).

Significantly higher levels of GO were secreted by spleen and peripheral blood cell 

cultures when compared to bone marrow in MRL Ipr mice. Lymph node IgG GO levels, 
although higher than bone marrow GO levels were not significantly different from any of 

the compartments studied in this strain. These data suggest that in MRL Ipr mice, GO is 

secreted mainly by peripheral blood and splenic B-cells. When analysing the CBA/Ca 
strain compartments, only the bone marrrow secreted significantly higher levels of GO 
when compared to the spleen. Overall, when comparing these two strains of mice, the 

MRL Ipr spleen and peripheral blood were once again the only compartments secreting 

significantly higher IgG GO levels when compared to the control strain (CBA/Ca), 

supporting the hypothesis that these two compartments are the major contributors to the 
production of agalactosyl IgG in this strain and may represent a change in location of 
production from the bone marrow.
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In the DBA/1 model of CIA a significant increase in serum IgG GO levels in five month 
old arthritic mice compared to control mice was observed (as seen in chapter 5). No 
significant difference, however, was seen between arthritic and control mice splenic 

culture de novo secreted IgG GO levels. This may be due to the nature of the arthritis in 

this strain, in which general B-cell activation and a high frequency of IgG autoantibody 

producing B-cells in the lymph nodes and spleen are seen (Holmdahl et al 1990), but 

probably to a lesser extent to the massive hypergammaglobulinaemia seen in the MRL Ipr 
lymph nodes and spleen (Cohen and Eisenberg 1991). Following injections of collagen 

type n  into the base of the tail or footpad to induce arthritis, the draining lymph nodes 
would be expected to play a greater role in this model of arthritis and consequently may 
be the predominant site of IgG GO secretion. This compartment was not studied for IgG 
GO levels in this model, neither was the peripheral blood which secreted the second 

highest levels of agalactosyl IgG (in terms of total B-cell numbers) in the MRL ipr mice. 
This would suggest that the lymphoid compartments most associated with each arthritis or 

disease may be the greatest producers of IgG GO. DBA/1 mice have been reported to 
develop a spontaneous arthritis by 4-5 months of age (Nordling et al 1992) and the 
control mice in this study were injected with Freund's complete adjuvant which has been 
shown to induce an arthritis and increase GO levels in this strain. These factors taken 
together may have 'diluted' any differences between splenic IgG GO levels in the control 

and collagen injected mice, whilst not yet affecting the serum levels. The draining lymph 
nodes in this model would probably be a more appropriate lymphoid compartment for 
analysis.

These studies indicate that there are differences in the production of IgG GO in vitro by 
cell suspensions taken from different lymphoid compartments of rheumatoid arthritis 

patients and some mice. This suggests a role for microenvironment in the regulation of 
agalactosyl IgG production and is investigated in chapter 7.
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CHAPTER 7

REGULATION OF IgG GO
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7.1 INTRODUCTION

There would seem to be some evidence for the role of the microenvironment or location in 
the secretion of IgG GO. This suggests that some factor or cell may act directly on the 

plasma cells secreting IgG to control the galactosylation pathway or on the secreted IgG 

itself via cell : cell interactions or by the release of soluble mediators such as 'oxygen free 
radicals' and cytokines.

When Mullinax reported changes in the level of IgG galactose in RA and SLE patients 

(1975) he negated the possibility that this defect could be due to extracellular p- 
galactosidase activity since plasma galactosidase activity was decreased in RA patients 

suggesting a pre-secretory defect.
The enzyme p-1,4-galactosyltransferase (GalTase) has, to date, been imphcated as the 

biggest cellular candidate in the control of IgG agalactosylation. GalTase transfers 
galactose to terminal oligosaccharide chains (Paulson and Colley 1989) and co-purifies 
with a 58 kDa protein kinase (p58^TA  ̂Humphreys-Beher 1984) which is able to 

phosphorylate GalTase and is thought to be involved in the regulation of its activity 
(Bunnell et al 1990). Human GalTase was originally shown to have slightly increased 

activity in RA patient PB MG suspensions when compared to controls. When, however, 
this population was monocyte depleted, decreased activity in RA B- and to a lesser extent 
T-cells when compared to healthy controls was seen (Axford et al 1987). Wilson et al 
(1993) also showed decreased activity in RA peripheral blood B-cells using the same 
galactose acceptor; ovalbumin as weU as another group using the more appropriate asialo- 
agalacto-IgG acceptor (Furukawa et al 1990). More specifically, this group also showed 

that the enzyme has a lower affinity for UDP-Gal (from which it transfers galactose) and 

not the acceptor (onto which it 'delivers') in RA B-cells resulting in the decreased activity 

observed. Decreased levels of GalTase activity have also been reported in peripheral 

blood B-cells of MRL Ipr and collagen induced arthritic DBA/1 mice (Axford et al 1994). 

Another important factor is that any reduction in the activity of this enzyme in these 

diseases seems to be associated with IgG, since transferrin with identical oligosaccharide 
chains to IgG, shows normal levels of galactose both with age in the healthy population 

and in RA patients (data not shown, Kobata 1990).
Assuming ovalbumin to be an appropriate acceptor for these studies, our results of 

chapter 6 are in probable agreement with GalTase activity results in RA patient and MRL 

Ipr peripheral blood B-cells: In this compartment decreased GalTase activity (when 

compared to controls) is mirrored by increased secretion of IgG GO in vitro. It is not 

easy, however, to reconcile our findings of increased IgG GO production by MRL Ipr 
splenic cell suspensions with the normal levels of GalTase activity in B-cells found in tliis 
compartment (Axford et a /1994).
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Restriction endonuclease digestion of PBMC DNA showed that the gross structures of 
the gene loci encoding GalTase and p58^TA were intact in RA patients (Delves et al 

1990). Polymorphisms of these genes were seen but existed both in control and RA 

patient samples (Axford and Alavi 1994, Delves et al 1990 respectively). These results 
indicate that this defect is not controlled at the DNA level, but the authors add that more 

subtle polymorphisms might have been missed depending on which restriction sites were 

used; a larger selection of restriction endonucleases may reveal additional restriction 

fragment length polymorphisms which might show differences between controls and RA 
patients. No differences in the level of expression (amount of messenger RNA) of 
p58GTA have been measured in PBMC from RA patients when compared to control 

PBMC (Delves et al 1990). When this population was analysed for GalTase mRNA, a 
decrease was seen in RA patients but was not seen in the B-cell fraction (Jeddi et al 
1995). Subsequently, a decrease in GalTase mRNA has been seen in MRL Ipr splenic 
cell preparations (Jeddi et al 1994) in accord with the higher levels of IgG GO secreted 
from this compartment. These reports and the lack of consensus between the level of 

gene polymorphisms, mRNA expression and GalTase activity, suggest a more subtle, 
possibly post-translational control of this enzyme (and hence glycosylation defect) 
probably involving several factors.

Reactive oxygen intermediates (ROIs) or 'oxygen free radicals' have been postulated to 
alter carbohydrate moieties on IgG oligosaccharides (Griffiths and Lunec 1989) resulting 
in increased association with rheumatoid factor (Lunec et al 1987b), suggesting that 

activated neutrophils and macrophages at inflammatory sites (as for example in the 

rheumatoid synovial joint) may be responsible for the production of agalactosyl IgG.

T-cells are known to play a pivotal role in human RA and in animal models of this 

disease, with most infiltrating T-cells in the synovium of the CD4+ helper/inducer subset 

(Lydyard et al 1994). Anti-CD4, non-depleting, monoclonal antibody therapy has been 

used to delay or prevent the onset of spontaneous or induced murine models of 
autoimmimity, including thyroiditis (Hutchings et al 1993), insulin dependent diabetes 

mellitus (Hutchings et al 1992), lupus (Carterton et al 1989), haemolytic anaemia 
(Oliveira et al 1994), collagen type II induced arthritis (Nagler-Anderson e ta l 1986) and 

the spontaneous inflammatory arthritis which develops in MRL Ipr mice (Gilkeson et al
1992). The effectiveness of monoclonal anti-CD4 treatment in human RA to date, has 

been less spectacular, leading to decreased symptoms but not prevention or complete 

amelioration of the disease (Homeff et al 1991). T-ceUs, therefore, although playing a 

major role in RA are not the whole story, underlying the multifactorial nature of this 

disease. The effects of helper T-ceUs on B-cells is mostly mediated via cytokine secretion 
including IL-6, a potent stimulator of B-cell differentiation and immunoglobulin secretion 

(Hirano et al 1990). It is also known that IL-6 belongs to a family of glycosylation
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regulating cytokines (Mackiewicz and Kushner 1989), but the methods of action of this 

cytokine on IgG glycosylation are, as yet, unclear. An increasing number of reports, 
however, (as discussed in chapter 5) now exist on the relationship between increased IgG 
GO levels and this acute-phase cytokine and will be discussed later.

In this chapter we looked at whether IgG agalactosylation occurs as a pre-secretory event, 

or is due to post-synthetic degradation, for example by oxygen free radicals. Free radical 
scavengers in cultures of human PBMC with PWM were used to eliminate reactive 

species and purified IgG samples bombarded by a variety of free radicals were analysed 

for levels of GO. We undertook initial studies into the effects of the microenvironment, 

by looking at the effect of T-cell enriched PBMC populations from RA patients added to 

B-cell enriched populations from healthy controls (and vice versa) on IgG GO levels 
secreted in vitro. More specifically, the effect of IL-6 on in vitro secreted IgG by human 

B-cell lines was investigated.

7.2 P O ST-SEC R E TO RY M O D IF IC ATIO N  OF IgG GO

Whether IgG GO occurs as a pre-secretory event was partly answered in chapter 6, where 
de novo secreted IgG from RA PWM driven peripheral blood and synovial fluid 
mononuclear cells (PBMC, SFMC) was shown to be agalactosylated indicating a B-cell 
defect. This conclusion, however, did not take into account the possible effect of local 

free-radical damage at the site of IgG production within the rheumatoid lymphoid 
compartments (as shown by Lunec et al 1987a) and more particularly in the PWM 

cultures, where monocyte depletion (producers of free-radicals) might not have been 

complete.

7.2.1 Absence o f  free-radical damage o f  de novo secreted IgG

To exclude the possibility that IgG secreted in vitro was more exposed to free-radical 
degradation in cultures from RA patients, five PBMC cultures were incubated for seven 
days with PWM and a range of free-radical scavengers (as described in 2.2.10.4). Cell 
proliferation via incorporation of P^suDR was measured and expressed as the 
stimulation index (as described m2.2.10.). In two of the five above experiments, 

vitamin C was added at 60 and 120 |iM.
Since a mixture of all of the scavengers, at the suggested concentrations for maximal free- 
radical scavenging (Lunec et al 1987b) inhibited the cells drastically by giving a
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stimulation index of less than three and turning the culture medium alkaline (pink), it was 
assumed that these concentrations were toxic to the cells (table 7.1). Vitamin C, 
however, added alone at 60 or 120 pM  did not seem to inhibit cell growth in these 
cultures as measured by the stimulation index (table 7.1).

Cells + PWM
Concentration free-radical 

scavenger (pM, mM or units/ml)
Stimulation index 

(± SEM)

Alone - 10.35 (1.56)

4- a mixture of
desferrioxamine 0.50 mM
SOD 500 units/ml 2.06 (0.89)
thiourea 50 mM
catalase 500 units/ml

Alone - 18.68 (4.20)

+ vitamin C 60 pM 18.68 (1.53)
120 uM 19.99 (3.20)

Table 7.1 Mean stimulation index ± standard error of mean (SEM) of PBMC

cultures with PWM ± free-radical scavengers at different concentrations.

Five RA PWM PBMC cultures were consequently set up with and without vitamin C 

present at 70 |iM. No significant difference of secreted IgG GO levels was seen between 
cultures with or without vitamin C (p = 0.476) as determined by the student's t-test (table 
7.2).

PBMC cultures + PWM 
without vitamin C with vitamin C Significance (p value)

Mean BSE : RCAI 
binding ratios 

(± SEM)
1.487 (0.99) 1.121 (0.58) NS (0.476)

Table 7.2 Mean values (± SEM) and significance of PBMC cultured with and

without the free-radical scavenger vitamin C at 70 jiM as determined using a 
paired students t-test.
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7.3 T-CELL CONTROL

7.3.1 Human T-cell control

The following experiments were carried out to look at the involvement of T-cells in the 
regulation of IgG GO levels. Peripheral blood mononuclear cells (PBMC) were isolated 
from 13 RA patients and 13 normal controls. T- (E positive) and B- (E negative) cell 
enriched populations were prepared by sheep red blood cell (SRBC) resetting (as 
described in 2.2.9). (Parallel serum samples were stored at -20°C until analysed for GO 

levels).

Fluorescein activated cell sorting (FACS) analysis of a representative cycle of SRBC 

resetting showed enrichment of the T- and B-cell populations (table 7.3).

% cells positive 
Monocytes B-cells T-cells

Start population 5.1 11.0 71.6

E -ve population 1.9 49.0 31.3

E -f-ve population 1.3 4.6 88.2

Table 7.3 Percentage cells staining positive for B-cell, T-cell and monocyte markers 
using FACS analysis in populations of SRBC treated PBMC.

The range of B-cell contamination in the enriched T-cell population was 3-15% and the 

range of T-cell contamination in the B-cell population was 15%-35% (as analysed by 

FACS).
Enriched populations of B- and T-cells from RA (n=13) and control (n=13) peripheral 
blood were mixed at a 1:2 ratio (B:T) and cultured with PWM for seven days in order to 

see if RA T-cells could influence the levels of secreted IgG GO from control B-cells and 

vice versa. The effect of MHC mis-matching was tested on control mixing experiments, 
where six healthy laboratory controls (with known tissue-types) T- and B-cell enriched 

PBMC populations were mixed with appropriate matched and mis-matched partners as 

described above.
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The relative percentage change in GO levels of in vitro secreted IgG in these experiments 
was varied, the overall pattern however, was that the addition of RA T-cell enriched 

populations to healthy control B-cell enriched populations increased secreted IgG GO 

level, whereas the addition of healthy control T-cell enriched populations to RA B-cell 

enriched populations showed an overall decrease in GO. These changes were small but 
significant when analysed by the Kolmogorov Smimov test (p = 0.032) (figure 7.1).
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to rheumatoid B-cells to control B-cells
p = 0.032

Each bar represents one mixing experiment

Figure 7.1 Percentage change in secreted IgG GO level on addition of control T-cell 

enriched PBMC populations to RA B-cell enriched PBMC (left hand side) 

and the addition of RA T-cell enriched PBMC populations to control B-cell 

PBMC (right hand side) all cultured with PWM for seven days.

MHC mis-matching of control subjects made no significant difference on the level of GO 

IgG secreted in vitro in the control subjects tested (p = 0.169, figure 7.2).
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Figure 7.2 The effect of adding autologous or allogeneic T-cell enriched PBMC

populations to control B-cell enriched PBMC on secreted IgG GO levels. 
Mean ± SEM depicted. NS = no significant difference as analysed by the 

student's t-test.

7.3.2 M urine T-cell control

Similar experiments were undertaken to investigate the role of T-cells in the control of 
murine IgG GO generation. Negative depletion of splenic T- and B-cells proved lengthy 

in the murine model of arthritis in MRL Ipr mice (which show the greatest change in 
spontaneously secreted IgG GO levels) and low percentages of B-cells were recovered 

from this compartment. Another approach was to analyse sera from mice treated with the 
putative non-depleting, anti-CD4 monoclonal antibody. Sera from groups of female, 
twelve week old, NZB mice treated with 2 mg/ml intravenously and then intraperitoneally 

three times a week for seven weeks (Oliveira et al 1994), were available for IgG GO 
analysis. PBS injected control mice sera were also analysed at the same time points. 

These sera were kindly donated by Dr G. de sa Oliveira! (Department of Immunology, 
UCLSM).

Significantly decreased levels of IgG GO were seen in the anti-CD4 treated mice when 

compared to PBS injected controls at five weeks post-treatment as determined by the 
student's t-test (figure 7.3). The PBS treated mice showed similar levels of IgG GO as 
seen in another cohort of untreated age-matched mice (chapter 4, figure 4.2).
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Figure 7.3 GO level of serum IgG from (o) PBS and (•) anti-CD4 injected NZB mice 

with time. Mean level (± SEM) depicted with significance (p value) 
where NS = no significant difference.

Since the rat anti-CD4 monoclonal antibody contributed approximately 10% to the total 

serum IgG content of the bled mice, it was tested for possible cross-reactivity on the GO 
assay. At a dilution of 1/250 (concentration of 40 pg/ml) it was not detected by either 

lectin or anti-murine IgG antibody (data not shown).

7,4 C YTO K IN E  CO NTRO L

7.4.1 H um an IgG secreting cell cultures

The main candidate cytokine to date, for the control of IgG glycosylation is IL-6. Cell 

lines were used to look at the effects of this cytokine on human B-ceUs and secreted IgG, 
since too few B-cells could be isolated from human peripheral blood samples. Two IgG 
secreting Epstein Barr virus (EBV) transformed cell lines (HB-1 and L4, kindly provided 

by Dr J. Gardner, Department of Surgery, Medical School, University of Edinburgh, 

Edinburgh, UK and Dr R. Callard, Institute of Child Health, London, UK respectively) 

and one murine/human IgG secreting hybridoma (GF4/1.1, kindly provided by Dr J. 

Gardner) were set up in culture. Supernatants were removed at 1,2 and 4 weeks of 
culture and analysed for IgG secretion and GO levels (as described in 2.2.3.2 and 3.3.3 
respectively) on two separate occasions for L4 and GF4/1.1 and three times for HB-1.
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HB-1 and GF4/1.1 supernatants were tested for endogenous EL-6 secretion (as described 
in 2.2.11) on one time course.

Secreted IgG GO increased with time in all the cell lines tested (table 7.4) but only 

significantly in the EBV transformed HB-1 cell line with a correlation coefficient (r) of 
0.974, p < 0.05.

Time ii1 culture (weeks)
HB-1 

1 2 4
L4

1 2 4
GF4/1.1 

1 2 4

Mean IgG levels 
(mg/ml, ± SEM)

Mean IgG GO 
levels (± SEM)

1.95 1.93 1.69 
(0.97) (1.14) (0.59)

15.4 17.1 30.4 
(0.70) (1.95) (1.65)

0.35 0.11 0.13 
(0.17) (0.01) (0.06)

14.6 18.6 18.0 
(4.60) (3.60) (2.91)

1.38 2.33 2.35 
(038) C133) 0155)

34.4 40.0 37.4 
(5.65) (3.95) (7.60)

Table 7.4 The mean (± SEM) secreted IgG concentration and GO levels of three human 
IgG secreting cell lines with time in culture (± SEM).

No secretion of endogenously synthesised IL-6 was detectable in the supernatants from 
HB-1 or GF4/1.1 after five weeks in culture (<10.0 pg/ml and <10.0 pg/ml respectively), 
where the range of the assay was 10-1000 pg/ml, as described in 2.2.77).
In order to establish if a build up of endogenously generated factors caused this increase 

in GO levels with time, HB-1 cells were cultured at SxlO^/ml and split three times a week 

into fresh medium. This abrogated the increase in secreted IgG GO levels (table 7.5).

Time (days)
8 15 22 29

Mean IgG levels 
(pg/ml, ± SEM)

Mean IgG GO 
levels (± SEM)

1.53 2.02 0.97 1.08 
(0.30) (0.40) (0.2) (0.25)

16.6 15.4 16.8 18.5 
(2.40) (1.10) (1.80) (2.00)

Table 7.5 The mean (± SEM) secreted IgG concentration and GO level from the HB-1 
cell line split every three days with time in culture.

Since the cell line HB-1 secreted detectable levels of IgG for the ELLA GO assay with 

time in culture and had relatively low resting levels of IgG GO, this line was chosen for
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addition of IL-6. The cytokine was added at 100 units/ml of culture to the HB-1 cell line 
and supernatants were assayed at 0, 1 and 2 days of culture for IgG secretion and GO 
levels.

One hundred units/ml of IL-6 significantly increased IgG GO levels in the cell line HB-1 

after 24 hours in culture when compared to starting levels (p = 0.014) and 24 hour levels 

without IL-6 (p = 0.022) as determined by paired student's t-tests on values of three 
experiments (table 7.6).

Time in culture 
(hours)

±IL-6 secreted IgG GO level Mean GO 
level

Significance
(P)

0 - 33.2 19.3 19.9 24.1

12 36.5 -

-NS
12 + 37.5 -

-p = 0.014

24 - 33.0 20.0 21.0 24.7
^ j - p  = 0.022

24 + 50.5 33.8 31.2 38.5

Table 7.6 The effect of exogenous addition of IL-6 on secreted IgG GO levels from the 
HB-1 cell line with significant differences indicated by p values, where NS = 
not significantly different.

7.4.2 The effect o f  IL -6  on m urine spleen cultures in vitro

To see whether IL-6 (reported to increase IgG GO levels in mice made transgenic for this 

cytokine) could affect/regulate in vitro secreted IgG from murine splenic cultures, IL-6 

was added to LPS stimulated cell cultures. Splenic mononuclear cell suspensions from 

non-arthritic and collagen induced arthritic male DBA/1 mice (aged 5.1 months) were 

prepared (as described in 2.2.7.2). Suspensions were cultured for four days with 20 
|ig/ml LPS with and without IL-6 at 100 units/ml.

A small, but not significant (as determined by the student's t-test), increase in de novo 

secreted GO levels was seen in arthritic (n=7) spleen cell cultures with IL-6 (p = 0.392, 
figure 7.4) and no increase (p = 0.992) in non-arthritic (n=8) spleen cell cultures in the 
presence of IL-6.
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Figure 7.4 Scatter of secreted IgG GO levels and mean ± SEM GO levels of splenic
cultures from arthritic and non-arthritic male DBA/1 mice cultured with LPS 
with (•) and without (o) IL-6. NS = not significantly different as determined 
by a paired student's t-test.

7.5 D ISC U SSIO N

Activity and genetic regulation of GalTase, give a confusing account of the possible 

regulatory mechanisms of IgG agalactosylation which need clarification. This chapter, 

although speculative, has investigated some of the potential regulators of this defect.

7.5.1 Lack o f  free-radical damage on in vitro IgG  GO secretion

Experiments described in chapter 6, where human PBMC were cultured with PWM, 
showed increased levels of agalactosyl IgG in RA cell culture supernatants when 

compared to healthy controls. This effect could arguably have been the result of reactive 

oxygen intermediates or free radicals (ROI) produced during the seven days of culture by 

the small percentage of activated monocytes/macrophages remaining in the cell culture 

population. Bombardment of purified IgG by free-radicals (and in particular OH*) has 

been shown to lead to increased exposure of GlcNAc on IgG oligosaccharide chains 

(Griffiths and Lunec 1989), indicating that agalactosylation may be the result of post
synthetic degradation at inflammatory sites. This form of dénaturation of IgG by 
neutrophils is also postulated to lead to increased interaction of IgG with rheumatoid
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factor (Lunec et al 1987b, Griffiths and Lunec 1991). The systems used in these ROI 

studies, however, rely on either purified IgG or the presence of neutrophils (one of the 

main producers of ROI in the joint, Lunec et al 1987a). The experiments in this and the 

preceding chapter, look at newly secreted IgG from cell populations passed through ficoll 

gradients and hence devoid of neutrophils. The possibility that the small percentage of 
activated mononuclear cells, present in the RA PWM cultures could have produced 

enough ROI to cause post-synthetic agalactosylation, however, remained. To this end, a 
variety of ROI scavengers were added at the recommended concentrations (Lunec et al 
1987b) to PWM cultures of RA PBMC to see if in vitro control of ROI made a 
difference to secreted GO levels. All but vitamin C proved to be toxic (as defined by a 
stimulation index of less than 3.0) probably due to the concentrations used, which were 
those recommended for neutrophil respiratory burst inhibition and consequently too high 

for PBMC cell suspensions (with less than 10.0% monocytes present). Vitamin C is 
believed to be a non-specific, extracellular, free radical scavenger (Frei et al 1989), 

scavenging in the range of 50-150 |xM and interestingly, has been shown to have 
increased activity in the rheumatoid joint (Lunec and Blake 1985). On addition of vitamin 

C to PBMC cultures, no significant difference in the secreted IgG GO levels was 
observed between these and identical vitamin C-free aliquots (table 7.2). Free radical 
activity, however, was not measured in these PWM cultures pre- or post- addition of 

vitamin C which would have given an indication of the efficiency of scavenging by this 
anti-oxidant. Overall, free radical damage of IgG oligosaccharides cannot be completely 
ruled out. It would, however, seem that the galactosylation defect can occur as a pre- 

secretory event in in vitro PWM cultures of RA PBMC.

7.5.2 A role fo r  T~cells in IgG  GO regulation

Animal models have helped to highlight the pivotal role of T-cell involvement in the 

development of chronic inflammatory joint disease. Adjuvant arthritis in Lewis rats and 

collagen induced arthritis in DBA/1 mice, for example, can be passively transferred with 

T-cells (Stanescu et al 1987, Holmdahl et al 1985 respectively). The inflamed rheumatoid 
synovium is densely crowded with activated T-cells (Panayi et al 1992) which 

presumably are major stimulants of the aggressive pannus through their production of 
cytokines. Certainly, the increased risk of disease associated with HLA-Dw4 and the 

beneficial effects of anti-CD4 treatments in RA patients (Homeff eta l 1991) and in 
murine models of arthritis (Ranges et al 1985, Gilkeson et al 1992) emphasize their 

critical role in the disease process. What is less clear, is the role of the T-cell in the 
control of IgG glycosylation. The preliminary experiments outlined in this chapter 

showed that on addition of T-cell enriched RA PBMC to B-cell enriched control cells, 
resultant supernatants had relatively increased levels of IgG GO when compared to
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autologous mixes, with the reverse seen on addition of control T-cell enriched PBMC to 

B-cell enriched RA cells. Overall the changes showed a significant trend indicating that 

the presence of T-cells is important in the regulation of this defect. These experiments 

were difficult to conduct and the effects not large and may not reflect the physiological 

situation in the rheumatoid joint, since as much as 30% contaminating autologous T-cells 
can remain in the B-cell enriched populations, which, although theoretically swamped by 
the addition of six times the amount of allogeneic T-cells, may still have an effect on the 

enriched B-cells. Also, if as postulated, IL-6 plays an important role in the production of 
agalactosyl IgG, most of this cytokine found in the joint is of synoviocyte or macrophage 
origin (Gueme et al 1989, Field eta l 1991) and not from T-cells. These factors may 
explain why the changes seen due to the mixing experiments were so small. The samples 
used in these experiments were not matched for HLA-DR type and consequently the 
results may have been due to mis-matching of the cells in vitro. Once corrected for, 
however, no significant difference was seen between matched or mis-matched control cell 
cultures in these mixing experiments.

In order to look at the importance of T-cells on agalactosyl IgG secretion in mice, sera 
obtained from anti-CD4 treated NZB mice were analysed for IgG GO levels. NZB mice 

spontaneously start to develop a Coombs' positivity by three months (Holmes and 
Burnett 1963) and as shown in chapter 4 the levels of IgG GO rise dramatically in the first 

four months of age. Levels of agalactosyl IgG were significantly lower in mice treated 
with the anti-CD4 antibody by five weeks of treatment, while a decrease in the Coombs' 
positivity of these mice was also seen (Oliveira et al 1994). These studies, however, 
should be repeated using the appropriate irrelevant control rat antibody, instead of PBS 

injections and the changes in IgG GO should be followed over more time points. This 

would give an idea of how long the anti-CD4 affects IgG GO. These initial data, 
however, along with the mixing experiments would suggest that T-cells do play an 
important role in modulating IgG GO levels whether directly, or indirectly via stimulation 

of other nearby cells into cytokine production.

7.5.3 Cytokine control

The role of cytokines in the control of glycosylation of a number of glycoproteins is well 

established. Acute phase proteins, for example, are known to be affected by cytokines 

such as IL-6 and TGFp which may work additively or in opposition (Mackiewicz and 

Kushner 1989, Pos et al 1990, Mackiewicz and Kushner 1990). IL-6 is also known to 
be a member of a family of glycosylation modifying cytokines (Mackiewicz and Kushner 
1989) and is thought to exert at least some of its effects by altering the levels of several 
nuclear binding factors (Poli and Cortese 1989, Hirano et al 1990). Links between IL-6 
and agalactosyl IgG have led to the proposal that IL-6 is an important factor in the control
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of IgG galactosylation (Hitsumoto et al 1992): GO levels are strikingly raised in EL-6 
transgenic mice (Rook et al 1991b, as described in chapter 5) and increased EL-6 levels 

have been seen in the arthritis-prone MEU  ̂Ipr mouse (Tang et a l\9 9 \)  and in the DBA/1 

pristane and collagen induced arthritic mice (Hitsumoto et al 1992 and Takai et al 1989 

respectively) in both of which, associated increases in IgG GO are also reported. 

Hypogalactosylation of IgG in Castleman's disease has also been linked with raised 

serum EL-6 levels (Nakao et a ll9 9 \) . Increased levels of EL-6 in RA patients are well 
documented, not only in the serum (Hirano et al 1988), but also in the synovial fluid (SF) 

of RA patients (Houssiau et al 1988, Gueme et al 1989) where increased levels of IgG 
GO are also seen. As discussed in chapter 5, interleukin 6 has been shown to be 

associated with high levels of GO in serum from sarcoidosis patients (O'Connor et al 
1992b) whereas SF levels of GO in RA patients were not seen to correlate with this 

cytokine. Messenger RNA for EL-6 is also expressed by the abnormal T-cells which 
proliferate in MRL Ipr mice (Murray et al 1990) and possible regulatory nuclear binding 
factors are seen to bind the promotor region of the GalTase gene (Harduin-Lepers et al 
1992), whether these are the same binding factors as EL-6 is capable of inducing, is not, 
as yet, known. Intriguingly, the addition of EL-6 to the myeloma (plasma) cell line 0PM - 
1, was shown to lead to an overall decrease in GalTase activity (Nakao et al 1990) 
strongly suggesting a regulatory role for EL-6 in glycosylation.

In this chapter, the addition of EL-6 to the human cell line HB-1 led to an increase in 
agalactosyl IgG in the resulting supernatants. Interestingly, culturing both EBV driven 
cell lines HB-1, L4 and the murine/human hybridoma GF4/1.1 over a few weeks, 

resulted in an increase in supernatant IgG GO levels too. This was unexpected, but EBV 

transformed cell lines have been shown to synthesize endogenous EL-6, which remains 

within the cell and is postulated to act as an autocrine growth factor (Yokoi et al 1990). 

This may account for the increase observed in the secretion of agalactosyl IgG with time 

and the variability in successful manipulation of IgG GO by the addition of EL-6 to cell 

cultures. It may also explain why IL-6 was not detectable in the culture supernatants 
measured in this chapter. After careful splitting of the HB-1 cell line, however, the 
increase in GO levels with time was abrogated which suggests a role for factors which 
may build up with time in the cultures and result in a network of exogenous and/or 

endogenous cytokines/factors which regulate or alter the glycosylation of the secreted 

IgG. Culture media have been shown to be important in the glycosylation of murine IgG 
monoclonal antibodies (Patel et al 1992, Lund et al 1993) and other glycoproteins such as 

interferon y (Curling 1992) where cell density is able alter the glycoform profiles of the 

de novo secreted glycoproteins. With the advances of 'anti-sense' techniques, it may 
now be possible to regulate this internal production of IL-6 in these immortalized cell 

lines prior to the addition of exogenous EL-6 and other important cytokines such as TNFa 
in order to look at the control of IgG glycosylation in these cells.
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The addition of EL-6 to arthritic and control DBA/1 mice splenic cultures made no 

significant difference to the GO levels of LPS stimulated IgG. These B-cells may already 

have been primed and the GO levels 'pre-set' prior to addition since the spleen was shown 
to be one of the compartments in the MRL Ipr mouse which spontaneously secreted 

increased amounts of agalactosyl IgG (chapter 6). Therefore, adding exogenous EL-6 to 

these cultures may have been to late. Whether the EL-6 was as active as expected may be 
another reason, since synthesis of IgG (measured as IgG concentration in the 

supernatants) did not increase upon addition of the cytokine (data not shown). The 
concentration of locally produced EL-6 in these splenic cultures was not measured and 

may also have overridden the exogenously added concentrations since EL-6 levels have 
been shown to be increased in arthritis prone strains of mice in several lymphoid 
compartments (Takai et al 1989, Tang et al 1991). The most likely reason, however, for 
the lack of change in secreted IgG GO is that, as described in chapter 5, DBA/1 arthritic 
mice do not show a significant difference in IgG GO levels secreted spontaneously from 
splenic cell cultures and have been shown to have normal levels of GalTase in this 
compartment (Axford et al 1994). Hence, a more appropriate lymphoid compartment to 
look for these kind of effects would be the peripheral blood (where GalTase activity has 
been shown to be decreased, Axford et al 1994) or the draining lymph nodes in this 

model of arthritis, where increased levels of EL-6 have been reported to be produced 
(Takai eta l 1989).

The minor effects seen on the addition of IL-6 to these cell cultures could be a result of a 

variety of factors. For example, EL-6 may need to be at a much higher concentration to be 

seen to have an effect, since when correlations are seen between this cytokine and GO 

levels, it is usually when EL-6 is at either a very high concentration (as in the IL-6 
transgenic mice) or is locally produced in high concentration from a local 
population/lymphoid compartment (as in the joint, where EL-6 is mainly produced by 

macrophages (synovial cells type 'A') or fibroblasts (synovial cells type 'B', Yoshizaki et 
al 1992) and is therefore able to have a more direct regulatory effect on (for example) 

nearby B-cells. This suggests that micro-environment is critical. Levels of cytokines in 
synovial fluid, for example, are highly variable, ranging from undetectable levels to 
concentrations measured in micrograms per litre. The number of producing cells, the 

production per cell, and the rate of diffusion of the cytokine all play a part in contributing 
to these levels. Activated helper/inducer or CD4-f- T-cells are known to secrete increased 

levels of GM-CSF and TNFa in the synovium (Elliott et al 1993), which in turn stimulate 

macrophages to increase their production of cytokines such as TNFa, EL-1 and EL-6. 

Another important consideration is the cytokine network. Most cytokines mediate their 

effects in conjunction (positively or negatively) with other cytokines and growth factors 
and singling out any one cytokine for study on the regulation of this defect may be too
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simplistic an approach. Furthermore, any regulatory role cytokines may play in the 
galactosylation of IgG could be augmented by hormones or glucocorticoids, since 

remission of RA during pregnancy is associated with a concomitant decrease in GO levels 

in patients and glycosylation pathways within plasma cells have been postulated to be 
under the control of glucocorticoids (Haffar et al 1988).

Overall, free-radicals cannot be completely excluded from mechanisms underlying the 
production of agalactosyl IgG, but strong implications remain that the effect of T-cells is 

important and that cytokines play a role.
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CHAPTER 8

A PUTATIVE LINK BETWEEN (MYCOBACTERIAL)  
INFECTION AND GO IgG
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8.1 INTRODUCTION

Many studies have investigated the possible effects of environmental factors in the 
aetiology of RA (Shoenfeld and Isenberg 1989). The much lower than expected 

prevalence of RA amongst some rural African populations (Beighton et al 1975) could be 
the result of non-exposure to some critical environmental factor and when tribesmen of 
some of these populations move to urban areas, prevalence of this disease increases 

(Solomon et al 1975). Deficient repair of the premutagenic DNA lesion produced by Dé
méthylation of guanine has been reported in lymphocytes (Colaço et al 1988) and more 

recently, raised levels of rheumatoid factor and CD5+ B-cells (Lydyard and Youinou 

1994) have also been seen in spouses of patients with RA as well as the patients 

themselves, suggesting an environmental link. More recent observations have focussed 
on the possible triggering role of slow growing mycobacteria (Rook and Stanford 1992) 

or of Proteus mirabilis infection (Ebringer et al 1992). Reactive arthritis (ReA) is known 
to be the result of infection by one of at least six organisms (Ford 1991) but once the 
synovitis develops, the organisms cannot be isolated from the joints although curiously, 
antigenic fragments can be recognized. Synovial T-cells, for example, which recognize 
epitopes from these organisms have been isolated from the joints of Re A patients in the 

early stages of disease (Gaston et al 1989). This response is seen to migrate into the 
periphery during later stages and may explain why, in the case of inflammatory diseases 
triggered by infectious agents, the early stages are so critical. In contrast, RA patients 
synovial T-cells respond weakly, if at all to the same infectious agents as Re A, but have 
been shown to proliferate strongly to a 65 kDa mycobacterial heat shock protein (hsp 65, 
Gaston et al 1988). Increased cellular and humoral reactivity against mycobacterial 
antigens has also been reported in patients with RA (Res et al 1988, Holoshitz et al 1986 

and Tsoulfa et al 1989).

Cross reactivity of arthritogenic T-cells between mycobacterial antigens and 

proteoglycans in experimental models of arthritis in the rat (van Eden et al 1988), 
suggests that an immune response against mycobacteria may play a role in the 

pathogenesis of this arthritis and immunization with Freund's complete adjuvant (EGA) 
alone has been shown to be sufficient to produce arthritis in Balb/c mice (Knight et al 
1992). The observation that several strains of mice kept in different animal houses (and 
hence different environments) do not develop spontaneous arthritis (and other 

spontaneous or induced autoimmune diseases) to the same extent, would also be 

indicative of the involvement of some environmental agent in their aetiopathogenesis 
(Isenberg et al 1991) for example, male DBA/1 mice kept in specific pathogen free 

conditions have a lower incidence of pristane induced arthritis (Thompson et al 1993).
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Some of the diseases in which strikingly high GO is found, such as leprosy and 

tuberculosis (Filley eta l 1989, Parekh e ta l 1989) are known to result from mycobacterial 
infection. Other diseases where high levels of GO are found, such as Crohn's disease 
(Parekh et al 1989, Dube et al 1990) and sarcoidosis (O'Connor et al 1992a), are 

associated with the presence of mycobacterial genomic material in the lesions, at least in a 
percentage of cases (Hermon-Taylor et al 1990, Fidler et al 1993 respectively). The 

relationship between GO levels, exposure to mycobacteria and arthritis is at present 

unclear but of growing interest (Roitt et al 1990, Rook et al 1990). In the pristane model 
of murine arthritis (Wooley et al 1989), although no microbial antigens were injected, T- 
cells which proliferated in response to hsp 65 can be isolated (Thompson et al 1990) and 
serum IgG GO levels are raised (Rook et al 1991b). Additionally, by pre-treatment with 
hsp 65, incidence of disease in this model can be reduced (Thompson et al 1990) and the 

early rise in GO levels suppressed (Rook et al 1991b).

In the present studies, the GO levels in the sera of RA patients, their relatives and spouses 
were analysed in order to look for evidence that environmental factors might influence 

IgG GO levels. To see if FCA in the absence of other arthritogens could modify serum 
IgG GO in mice, two arthritis susceptible strains were chosen: BALB/c mice are 
susceptible to pristane induced arthritis (Wooley et al 1989), while male DBA/1 mice have 

been shown to develop a spontaneous arthritis by four months of age (Nordling et al 
1992) and to be susceptible to pristane and collagen induced arthritis (Wooley et al 1989, 

Wooley eta l \9%\). CBA/Ca and DBA/2 mice were chosen as non-susceptible control 
strains and SWR as a haplotype control for the male DBA/1 mice. Changes with time of 
serum IgG GO from all these mice were looked at after injection of FCA/PBS emulsion or 

PBS alone via different injection routes

8.2 H U M A N

8.2.1 Spouses

These studies were carried out in collaboration with Dr N. Sumar.

Forty seven members of 8 families with a rheumatoid proband (satisfying the revised 

ACR criteria for the classification of RA, Arnett et al 1988), were studied; they included 

eight unrelated spouses. Serum samples were stored at -20°C and analysed for serum 

IgG GO levels (as described in 3.2).

Seven of 8 probands and 3/5 relatives with RA had GO levels significantly greater than 
the age-corrected mean for the normal control population (p < 0.001, p < 0.005
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respectively). GO levels of healthy relatives were not significantly raised above the 
control population (p > 0.5, figure 8.1).
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Figure 8.1 Age-corrected GO levels measured in standard deviation (SD) units above or 
below the normal healthy population mean (indicated by the horizontal bar 

through zero) plotted with mean ± standard error of mean (SEM) of RA 

probands, relatives with RA and healthy relatives. Significant differences 
from healthy controls indicated by p values, where NS = not significantly

different (from the healthy population mean as shown in figure 4.1).

Interestingly, 3/8 unaffected spouses had GO levels above the mean of the normal 
population proving to be a significant increase when analysed using the students t-test (p 

< 0.01). To investigate this further, another 13 spouse pairs were analysed for serum 
IgG GO levels. In total, 11/21 spouses had increased GO values above the normal 
population mean (figure 8.2a) giving a significance of p < 0.001 by the student's t-test.
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Figure 8.2 (a) Age-corrected GO levels (in SD units about the control mean) of RA
proband/spouse pairs plotted with mean GO level ± SEM and significance (p) 
of these means from the control, mean (depicted in figure 4.1).
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When plotted against each other, a significant correlation was seen between the RA and 
spouse pairs (r = 0.425, p < 0.05, figure 8.2b).
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Figure 8.2 (b) Age-corrected GO levels of RA probands and spouse pairs plotted against 
each other to reveal a correlation coefficient of 0.425 (p < 0.05).

8.3 M U R IN E

8.3.1 Induction o f  IgG  GO changes by Freund's complete adjuvant

Groups of four female CBA/Ca and BALB/c mice, aged 17 and 19 weeks respectively, 

were injected with 100 pi of PBS or a 1:1 emulsion of PBS : FCA. These mice were 

injected subcutaneously in the hind footpads (50 pl/foot), at the base of the tail or 

intraperitoneally. Sequential bleeds were taken over a period of 16 months and the 
resultant sera stored at -20°C until GO levels were measured as described in 3.3.2. 
Administration of FCA resulted in a significant increase in serum GO level when 

compared to PBS injected mice in the arthritis-prone BALB/c strain (p < 0.05, figure 
8.3a), whereas non-susceptible control groups of CBA/Ca mice showed no significant 
difference in GO between PBS and FCA immunization (figure 8.3b).
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Figure 8.3 Changes in serum IgG GO level (mean ± SEM) of groups of (a) BALB/c 
and (b) CBA/Ca mice injected with (o) PBS or (•) a 1:1 emulsion of 
FCA : PBS with time. The significance of differences, as measured by the 
analysis of variance of area under the curve between the treatments is given 
as p, where NS = not significant.

Fluctuations in GO were seen within the first two months after immunization followed by 
more steady increases in both PBS and FCA injected CBA/Ca and BALB/c mice.

Overall, correlation coefficients of 0.869 and 0.812 were seen for increased GO levels 
with time in FCA : PBS injected and 0.806 and 0.811 in PBS injected B ALB/c and 
CBA/Ca mice respectively.

In a second study, groups of 5-13 male ten week old DBA/1, DBA/2 and SWR mice 

were immunized as described above by subcutaneous injection into the hind footpads 

alone. Sequential bleeds were taken over a period of seven months and the resultant sera 
were stored and analysed for GO levels as above.
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Mean GO levels were plotted against time and, on analysis of variance of the area under 
the curves generated by these groups of mice, the arthritis-prone DBA/1 FCA injected 
mice showed significantly higher levels of GO than the control PBS injected mice 

throughout the investigation, whereas no significant difference between PBS and FCA 

immunization was seen in the non-susceptible DBA/2 strain (table 8.1). Groups of non- 

susceptible SWR mice, however, showed a significant difference in the first 112 days 
followed by no significant difference in days 112-217 (table 8.1).

Areas under the curve

Strain Treatment
Early 

(day 0-112)
Late 

(day 112-217)

Susceptible
DBA/1

PBS
FCA : PBS

2666.0 
2977.6 *

3298.1
3642.2 *

Non-susceptible
SWR

PBS
FCA : PBS

3339.4 * 
3944.0

3974.3
3708.6

Non-susceptible
DBA/2

PBS
FCA : PBS

2509.3 MÇ 2983.1 juc
2588.4 3207.7

Table 8.1 Mean area under the curve for serum IgG GO changes with time from groups 

of mice injected with PBS or a FCA : PBS emulsion. The significance values 
after analysis of variance of these changes between PBS alone and FCA : PBS 
are indicated where NS = no significantly difference and * is a significance of

p < 0.01.

No arthritis was observed in any of the mice under investigation.

8.3.2 E ffec t o f  injection route

There was no significant difference between various routes of FCA administration in 

either CBA/Ca or BALB/c strains of mice over the entire time period studied, as 
determined by analysis of variance of the areas under the curve (figure 8.4).
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Figure 8.4 Changes in serum IgG GO levels (mean ± SEM) with time in groups of (a)
CBA/Ca and (b) BALB/c mice injected with FCA : PBS subcutaneously in the 
footpad (•) or base of the tail ([) or intraperitoneally (x). NS = not 
significantly different by analysis of variance of the areas under the curve.

8.4 D IS C U S S IO N

The data in this chapter confirm that GO levels are increased in RA patients (p < 0.001) 
when compared to the normal control population and that levels of IgG GO are also raised 

in RA spouses (p < 0.001).

Why unaffected spouses have this defect is not clear, although the implication is that 

environmental factors, perhaps even sexually transmitted agents, are involved. The
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correlation of serum IgG GO levels between RA patients and their spouses support this 

further, however, since none of the spouses had RA, it is evident that defects in the 
enzyme (3-galactosyltransferase or the galactosylation of IgG alone do not cause the 

disease, thus confirming its multifactorial origin. Interestingly, a recent study on the 

levels of galactose/mole of IgG in SLE patients has shown that unaffected relatives also 

show a decrease in IgG galactose levels (Tomana et al 1992) supporting our findings that 
an environmental factor may be involved in this deficiency.

Immunization of arthritis-prone female BALB/c and male DBA/1 mice with one dose of 

FCA caused a significant increase in the serum GO compared to those mice injected with 

PBS alone, but did not do so in two of the control strains (female CBA/Ca and male 
DBA/2 mice). These data are in agreement with similar published observations that 

exposure to mycobacteria results in increased serum GO in mice. The general increase in 
GO throughout the study in PBS and FCA : PBS injected mice mirrors the age-related 
increases described in chapter 4 in various strains of mice including CBA/Ca, although a 
greater amount of fluctuation was seen in the earlier post-injection period (day 0-40). 

These fluctuations in serum GO following immunization, were seen not only in B ALB/c 

and CBA/Ca mice injected with FCA, but also with PBS. This would suggest that 
‘immunization stress’ alone can modify IgG GO unless these changes take place in 
uninjected mice too. Such changes have been seen following immunization of mice with 
pristane, which the authors suggest could be due to bursts of IL-6 activity (Thompson et 
al 1992). This would also support the idea that early events in the response to 
'arthritogens' are critical for the course of the development of the disease. In this regard, 
it has been reported (but not explained) that RA is occasionally precipitated by stress and 
that male DBA/1 mice, if kept in non-aggressive conditions (less than three mice per 

cage), do not develop spontaneous arthritis (Holmdahl et al 1992).

The control non-susceptible strain SWR showed early significant changes in GO between 
groups of PBS and FCA injected mice, but seemed able to correct and regulate the levels 

in the latter phase of the study (table 8.1). This was seen to a lesser extent in the FCA 
injected non-susceptible CBA/Ca mice, which although did not develop a significant 

long-term increase in GO, showed a tendency for increased GO early after injection which 

then levelled out with time (figure 8.3). This suggests that arthritis-prone mice fail to 

regulate the level of GO, which, together with another event (such as the autoantibody 

production in collagen arthritis (Rademacher et al 1994a)) could precipitate the disease. 
This lack of control in autoimmune-prone strains of mice has been demonstrated in the 

induction of self-reactivity after injection of rat red cells; normal CBA mice show an 

initial self-reactivity and Coombs' positivity which is controlled within a couple of weeks 
in comparison to the autoimmune-prone SJL and NZB mice, in which the reaction is

149



prolonged and can lead to death. This pattern is thought to be due to a lack of 
suppression which is known to decrease with age in SJL mice (Roitt 1994).
It has been shown that DBA/1 males develop spontaneous arthritis at four months of age 

(Nordling et al 1992) and that BALB/c females develop histological features of arthritis 
after FCA immunization at a similar time point (Knight et al 1992). None of the arthritis- 

prone mice in this study however, showed any signs of development of arthritis. This 

may be due to the fact that none of the mice were immunized intradermally (the route 

shown to be most effective for the induction of collagen arthritis,Wooley 1988). Other 

considerations include the fact that the same strain of mice may behave differently in 

different animal facilities (as seen in the induction of 16/6 idiotype lupus model in Balb/c 
mice, Isenberg a / 1991), the mycobacterial strain in the FCA used in our study was 
H37Ra (different from that used by Knight et al 1992) and the mice were not boosted. 
From these experiments and those reported by others, it seems possible that both an 

arthritogen and FCA are required via an arthritogenic route (intradermal) in order to 

precipitate a quick onset of arthritis and a rapid increase in GO levels, whereas FCA alone 

intradermally produces a later onset of arthritis and FCA alone by other routes a slower 
increase in GO levels.
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CHAPTER 9

DISCUSSION
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9.1 GENERAL DISCUSSION

This thesis investigated the galactosylation of immunoglobuhn G in human and murine 

arthritis, some facets of its possible regulation and links with mycobacterial infection. A 

number of questions were addressed and others arose during the interpretation of these 
studies. These are outlined and discussed below, and, based on the conclusions, a model 
for the involvement of IgG GO in the pathogenesis of rheumatoid arthritis is proposed.

9.1.1 IgG  GO in healthy controls, rheum atoid arthritis patients and  m urine 

models o f  arthritis

Measurement of IgG glycoforms relied on sophisticated biochemical analysis until a 

variety of faster assays were developed. Amongst these are the two described in this 
thesis, which differ from others by using the ability of lectins to distinguish between 
terminal monosaccharide moieties on oligosaccharide chains. A further feature of this 

adapted ELLA is the ability to measure changes in IgG glycosylation in cell culture 
supernatant, which until now has proven impossible due to the low concentration of 

secreted IgG in these samples. A wealth of agalactosyl IgG measuring assays are now 
described, including other lectin binding assays (Griffiths and Lunec 1989, Tsuchiya et al 1993) 

and the monoclonal antibody anti-GlcNAc binding assay on nitrocellulose combs or 
ELISA (Filley et al 1989, Hitsumoto et al 1992, respectively). These assays have also 
given us the abihty to follow individual mice with time (with very small samples of 

serum). This has allowed us, in this study for example, to show that GO increases with 

age in most strains of mice paralleling the increases seen in humans later in life. Most of 

the rapid methodologies have shown good correlation with the biochemical method 

which, when considering the variety of approaches used and what is being measured is 

quite an achievement

Considering the vast number of factors (including inflammatory mediators, enzymes, 

free-radicals, chemoattractants and cytokines) which abound within the RA joint, not to 

mention cellular activity and infiltration, an overall raised level of IgG GO in this 

compartment when compared to the serum was not unexpected. The correlation between 

paired serum and SF levels concurs with other studies indicating a degree of miscibility 

betweeen the two compartments which was not mirrored in the disease control group. On 

delineation of the RA patients into groups with differing disease duration, higher levels of 

GO in the SF became apparent in patients with 2-10 years duration of RA. This increased 

level may reflect a change in location of GO IgG production. For example, after initial

152



triggering of the disease, pathogenesis is mirrored by an increase in serum IgG GO (an 

early marker). After a few months once the disease is established, agalactosyl IgG 

production occurs or increases within the joint accompanying the most chemically active 
period and a worsening of the disease. To expect, therefore, the level of just one 

cytokine to correlate with an increase in IgG GO is probably overoptimistic and the fact 
that IL-6 levels in these studies did not correlate with agalactosyl IgG in plasma or SF of 

RA patients was not too surprising. Other studies indicate direct relationships with this 
cytokine only when the levels are extremelv high as in a sub-group of sarcoidosis patients 

(O'Connor et al 1992b) and IL-6 transgenic mice (Rook et al 1991b). It is far more likely 

that a combination of cytokines or glycosylation modulating factors are involved in the 
regulation of this defect.

Raised IgG GO levels were also seen in MRL Ipr and collagen type II induced DBA/1 

arthritic mice when compared to control strains.

Evidence for the role of agalactosyl IgG in the formation of IgG-IgG self associated 
complexes, which might then aid induction of joint damage and perpetuation of the 
disease, is increasing slowly. Initial studies in this thesis did not support this theory, but 
once PEG precipitated complexes were run on gels and completely dissociated, the 
beginning of an association was seen. Other groups have also stipulated the importance 

of careful dissociation of these complexes, after which an increased level of agalactosyl 
IgG is seen in SF complexes (Leader, personal communication) while higher amounts of 
Fab oligosacchrides can be detected in serum complexes, indicating that the presence of 
sugars on the Fab fragments predisposes them to complex formation (Rademacher et al 

1988).

The prognostic value of IgG GO in RA patients lends further evidence for the involvement 

of this defect in this disease. There have been mixed reports when IgG GO levels have 

been correlated with disease activity. As a whole, however, the correlations are positive, 

especially when overall disease activity and health of the patient is considered rather than 
a single clinical or serological parameter. The ability of GO taken with RF titre to predict 

whether an early-onset synovitis patient will go on to develop RA or not in 94% of cases 
is an obvious asset and implies an early role for GO in the pathogenesis of RA. This was 

further strengthened by several studies showing GO to be of prognostic value in 

determining the severity or outcome of arthritis when measured at early stages in the 

disease.

Raised levels of agalactosyl IgG were also seen in several of the autoimmime-prone 

strains of mice tested prior to disease onset in these studies. Not all arthritis-prone strains 

showed this early increase at two months of age, for example DBA/1 and MRL +!+. The 

serum IgG GO levels of these strains, however, did have significantly higher levels than 

non arthritis-prone strains (such as CBA/Ca) by three-four months of age. This and the
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very high 'resting' levels of serum IgG GO in MRL Ipr mice at two and three months of 
age prior to any visible joint damage (O'Sullivan et al 1985) suggest that agalactosyl IgG 

may also have a prognostic value for disease in murine models.

9,1.2 Localization and regulation o f  agalactosyl IgG  production

To further understand the role and possible regulatory mechanisms of agalactosyl IgG, 

cell suspensions and hybridomas from human and murine lymphoid compartments and 
human IgG secreting cell lines were analysed for in vitro secretion of this glycoform.

RA peripheral blood and synovial fluid mononuclear cells and a proportion of SF B-cell 

clones all secreted agalactosyl IgG in vitro, indicating that this defect can occur as a pre- 
secretory event. No post-secretory modification of IgG galactosylation due to free-radical 

damage was apparent in the de novo secreted IgG either (although it couldn't be 

completely ruled out during circulation of the antibody). This concurs with the idea that 

agalactosyl IgG is secreted by plasma cells in the joint once disease is established (and is 
not just preferential homing of IgG GO to the site of inflammation). Two locations of 

increased spontaneous IgG GO secretion were located in the MRL Ipr mouse when 
compared to the control CBA/Ca strain: the spleen and peripheral blood and no significant 
differences were seen between the other compartments within or between each strain.
This relationship was not mirrored in DBA/1 arthritic mice spleen cell suspensions and 
may be due to differences between the two models: The draining lymph nodes, for 

example, play a larger role than the spleen in the DBA/1 model and would be a more 
appropriate compartment to compare. A role for the location of production of agalactosyl 

IgG is indicated at least in MRL Ipr mice. These studies also suggest that the production 

of agalactosyl IgG is not a result of increased IgG synthesis since high levels were found 

in supernatants with low IgG concentration.

Various aspects of the regulation of IgG GO are under intense investigation. Our studies 
indicate a direct relationship between RA peripheral blood mononuclear cell secretion of 

IgG GO in vitro and decreased p-1,4-galactosyltransferase (GalTase) activity in the B- 

cells from this compartment (as reported by Axford et al 1987, Furukawa et al 1990, 

Wilson et al 1993). No correlation has been found, however, between genetic 

polymorphisms or messenger RNA levels of GalTase (or its associated putatively 

regulatory protein kinase) with enzyme activity in these cells from RA patients. An 

association was seen between GalTase mRNA and secreted GO levels in MRL Ipr spleen 

ceU suspensions where no decrease in GalTase activity was observed. Furthermore, a 
recent study has reported that levels of GalTase activity and secreted IgG GO in murine 

and human lymphoblastoid cell lines do not correlate (Kumpel et al 1994) and there is
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also the lack of age-related GalTase activity in the healthy control population (Furukawa 

eta l 1990). It would seem, therefore, that at the molecular level, the regulation of IgG 

GO is complicated and may involve other exogenous factors like cytokines, cell : cell 
interactions and enzyme regulatory pathways (i.e. the endocrine system) as well as 

mRNA levels, diluting any direct relationships analysed. One other consideration is that 

GalTase is such an important enzyme, involved in the glycosylation of a vast array of 
saccharides by a wide variety of cell types, that it would be surprising if it was only 
controlled at the mRNA level.

T-cell mediated damage is seen to accompany most instances of raised IgG GO levels 
(Rook eta l 1990), although in the rheumatoid joint, most of the cytokines thought to be 

involved in pathology are not secreted by T-ceUs, but by local macrophages and 

synoviocytes. Infiltrating T-cells may give B-cell help directly by cellxell interactions 
resulting in the release of mediators from the T-cell itself, or indirectly as bystander help 

to another B-cell (not involved in the cellxell interaction) or by stimulating accessory ceUs 
to secrete mediators. Most T-cells in the joint are CD44- but a predominantly 'THi-like' 
response is seen in comparison with the 'TH2-like' response seen in reactive arthritis 

(Simon et al 1994), suggesting minimal help for B-cell secretion of immunoglobulin. In 
these studies a role for T-cells in the regulation of agalactosyl IgG was indicated, but not 
fully explored and more detailed studies on the role of these cells and secreted products 
would be of great interest. The relatively small effects seen as a result of T-cell crossover 
experiments could be a reflection of the multiplicity in the control of this defect. In view 
of this, the effect of the putatively glycosylation modifying cytokine interleukin 6 (IL-6) 
on IgG GO secreted from the EBV transformed human B-cell line HB-1 was investigated. 
An increase in GO levels was seen, however, only after careful control of the cell line 
with respect to culture conditions and using quite a high concentration of IL-6. Single 

mediator involvement (such as IL-6 alone), whether secreted or triggered by T-cells, is 

doubtful since so many molecules are known to be raised within the rheumatoid joint.

One of these, TNFa, has been implicated in the pathogenesis of RA and recent anti- 

TNFa therapy resulted in significant improvement in clinical assessments of RA patients 

following treatment (Elliott et al 1993). This cytokine is also described as being a 
modulator of glycoprotein glycosylation (Mackiewicz and Kushner 1990) and deserves 

consideration when looking at the regulation of IgG GO. Many of these factors, 

however, are inflammatory response factors and we know that GO is not simply a marker 

of inflammation (since raised levels are seen in a restricted number of inflammatory 

disorders). It is more likely that several cytokines work together in a network with T- 

cells to initiate and control IgG GO levels and polyamines, basic peptides and proteins 
have been shown to affect the activity of GalTase (Navaratnam et al 1986) in addition to 

cytokines such as IL-6 (Nakao et al 1990).
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One of the latest theories regarding the regulation of IgG galactosylation is based on the 

rate of disulphide bond formation between IgG heavy chains within the Golgi 

(Rademacher et al 1994b). It is thought that whilst the IgG heavy chains 'associate'

(prior to disulphide bond formation) within the ER, the Cy3 domains associate forming a 

'hinge' between Cy3 and Cy2 leaving the oligosaccharides exposed for terminal 

glycosylation (Seegan et al 1979). Once disulphide bonding has occured, however, the 

hinge lies between Cyl and Cy2 burying the Fc oligosaccharides chains within the Fc. 
Any differences in rate of heavy chain pairing (or association), therefore, may be 

expected to lead to changes in the amount of galactose and sialic acid residues transferred 

onto these oligosaccharide chains. Control of disulphide bond formation may, in part, be 
due to the enzyme protein-disulphide isomerase. This enzyme catalyzes interchanges of 
disulphide bonds and increased levels can be induced in human mononuclear cells by 

exogenous addition of mitogens (Kroning e ta l 1991).
It is further believed that many glycosylation steps lie within the glucocorticoid regulated 
Golgi pathway including the attachment of galactose occurring at, or just distal to the 
hormone induced regulatory step. The efficiency of galactosylation for certain 
glycoproteins is thought to correlate strongly with their entry into this pathway (Haffar et 
al 1988). Furthermore, addition of the synthetic glucocorticoid dexametliasone to rats in 
vivo, resulted in changes in the glycosylation of several acute phase proteins (Pos et al 

1988). Heavy and light chain assembly pathways have been suggested to be involved in 
differences between IgG subclass structures in mice (Baumal et al 1971) and tissue 
specific differences in IgG precursors have been described in rabbit ceUs (Sutherland et al 
1972). It is known that human IgG heavy chains associate before light chains are added 

(in comparison to IgM heavy chains) resulting in less 'exposure' time for Fc 
oligosaccharides to be glycosylated before being buried within the Fc (Steward 1976). It 

is not fully understood if human IgG subclasses undergo identical pairing pathways but 
one report by Tsuchiya etal (1994) has shown no significant difference between healthy 

control and RA IgGg levels of GO, whereas the other three subclasses all show the defect. 
These pathways may well be under the influence of cytokines like IL-6 and other T-cell or 

macrophage derived factors which affect these regulatory pathways.

9.1.2 E nvironm ent in the aetiopathogenesis o f  RA

An infectious cause of RA has long been sought and likely candidates have included 

viruses, bacteria and mycobacteria. If the theory that RA has a relatively recent history is 

correct and that this disease is associated with the urban crowding and rise and spread of 

disease of the industrial revolution, infection may well play a role in it is 

aetiopathogenesis.
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In our studies the finding of higher GO levels in the spouses of RA patients, indicates an 

environmental link (possibly sexually transmitted). A more detailed study on the GO 
levels of co-habiting relatives would be helpful in delineating this problem. Our murine 
studies showed that injections of Freund's complete adjuvant were able to increase serum 

GO levels in mice suggesting an environmental link. They also highlighted the genetic 
predisposition as a risk factor, since prolonged raised levels of GO were only seen in the 

arthritis-prone strains of mice. This would accord with the suggested aetiopathogenesis 

of other autoimmune diseases such as diabetes where environmental factors such as an 
infectious agents invading someone with the correct genetic predisposition may be more 

likely to develop the disease (Roitt 1994). The fact that only 23% of identical twins are 

concordant for RA also suggests that environmental factors must be active in the 
pathogenesis of this disease.

Reports of links between mycobacteria and inflammatory arthritides are on the increase. 
Mycobacteria are not part of the normal commensal flora and therefore, exposure to them 
is a variable which is influenced by where and how an individual hves. A changing 

pattern of exposure to this immunogenic genus would, therefore, provide a plausible 
explanation for the changing incidence of RA (as mentioned in chapter 1). Arthropathies 
are sometimes associated with mycobacterial infection such as tuberculosis (Isaacs et al 
1974), leprosy (Atkin et al 1987 and during Mycobacterium bovis BCG immunotherapy 

for cancer (Torisu et al 1978) and in some cases mycobacterial infection is only 
accompanied by arthritic symptoms in certain circumstances or environments. Leprosy, 
for example, is more commonly accompanied by this complication in South India than the 
North (Rook 1988). The involvement of mycobacteria as a possible candidate for the 
triggering of this disease would not exclude a role for other bacterial genera and recently, 
Ebringer et al (1992) showed that membrane haemolysin from the bacterium Proteus 

mirabilis resembles biochemically, and has sequence homolgy with, aminoacids encoding 
the postulated RA susceptibility linked to the beta chain of DR4 and DRl subtypes. This 
and the fact that T-cells from arthritic mice and RA patients can be found which recognise 

mycobacterial peptides and furthermore cross-react with proteoglycan of cartilage, 

suggests that RA might be caused by a mechanism of 'molecular mimicry'. Mycobacteria 

are also able to envoke T-cell dependent responses which are usually associated with 

increased levels of IgG GO (Rook 1988) and several groups are now looking for 
mycobacterial genetic material in rheumatoid joints.
Protection against arthritis can be achieved by pre-treatment of several animal models of 
arthritis with mycobacterial antigens, including pristane induced arthritis in DBA/1 and 

CBA/lgb mice (Thompson e ta l \99 l, Thompson et al 1990 respectively) and 

streptococcal cell wall and adjuvant induced arthritis in Lewis rats (van den Broek et al 

1989, Yang et al 1990 respectively). In one study the CBA/lgb mice protected against 
subsequent induction of arthritis also had lower levels of agalactosyl IgG than the 

unprotected group (Rook et al 1991b). Conversely, DBA/1 mice kept in a 'sterile'
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environment have been shown to be less susceptible to subsequent induction of pristane 
arthritis (Thompson et al 1993). This decrease in susceptibility was shown to correlate 

with fewer species of culturable bowel flora from these mice, and it was hypothesised 

that the induction of pristane arthritis relies on the sensitisation to environmental microbial 
flora. The relationship between mycobacterial exposure/sensitisation and subsequent 

development of disease is not simple. Bowel flora have also been shown to be different 

in rheumatoid arthritis patients when compared to healthy controls from the same 
environment (Thompson et al 1993) and recently, changes in diet following fasting has 

been shown to affect disease severity in RA patients. We have also shown concomitant 
decreases in the levels of IgG GO in these patients after the fasting period (Kjeldsen- 

Kragh et al, submitted). With all this in mind it is easy to postulate involvement of the 
gut or mucosal surfaces in the induction of T-cell responses against environmental 
infectious agents, maybe leading to cross-reactivity with self antigens such as collagen 

and possibly explaining why infection within the joint by these environmental agents is 

hardly ever seen.

9.2 PROPOSED M O D EL FOR THE RO LE OF IgG  GO IN  RA  AND  

M U R IN E  M O D ELS OF A R T H R IT IS

Several aspects of the involvement of agalactosyl IgG in the pathogenesis of RA and 

animal models of arthritis have been discussed along with the possible involvement of 
environmental agents in the aetiology of this disease. A tentative summary of the possible 

aetiopathogenesis of RA and/or the likely role that IgG GO plays in this disease can now 

be attempted (figure 9.1).
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A rise in agalactosyl IgG (GO) may be an indication of the presence of a pattern of T-cell 
activity which leads to cytokine release, an acute phase response, and tissue damage in 
the organ where the relevant target antigen is found.

Triggering of these responses may occur at a primary site of infection, for example, the 

gut, skin or mucosal surfaces by an as yet unidentified infectious agent. Tlirough cross
reactivity or 'molecular mimicry' autoreactive T-cells are triggered and, in addition to a 

local inflammation, these cells migrate and infiltrate the tissue where the relevant target 
auto-antigen is found. In adjuvant arthritis and perhaps RA, this target can be a cross

reactive epitope on the 65 kDa hsp or another host component cross-reactive with i t  In 

Crohn's disease, the target is something unknown, but associated with the gut, while in 

tuberculosis it is any of a range of mycobacterial antigens in the lung or other infected 
organ. An initial triggering of a sub-group of autoreactive B-cells may also occur, 

possibly changing the balance of IgG GO secretion (thereby causing an eaiiy change in 
GO levels as seen in early-onset synovitis patients).
Activation of the inflammatory response within the target tissue (the joint in the case of 

RA) leads to the release of inflammatory mediators, chemoattractants and cytokines by 
accessory cells (including macrophages, synoviocytes and neutrophils) triggering the 
production of agalactosyl IgG within this compartment
What is least clear is the initial triggering and characteristics of the B-cells which secrete 

agalactosyl IgG. These cells may be a sub-group of B-cells which are intrinsically 
defective and have been triggered to secrete IgG GO by the primary infection and 
exposure to cytokines early on in the disease process. They may also be those originally 
expanded due to antigen which, on arrival at sites of inflammation are affected by 

cytokines etc and start to secrete agalactosyl IgG due to a change in intracellular pathways 
(as discussed above). They may also be autoreactive B-cells triggered as above, which 

compound problems by secreting autoantibodies, leading to greater amounts of immune 

complex formation, deposition and tissue damage.

Subsequently, due to the loss of binding to monocyte, neutrophil and macrophage Fc 
receptors by agalactosyl IgG, the ability to induce cellular mediation may be affected, 

antigens are not readily eliminated and negative feed-back regulation is defective. The 

result is a loss of normal mechanisms controlling IgG production resulting in the 
induction and persistant activation of autoreactive B-cells and sustained autoantibody 

production. Such a mechanism may also contribute to the breaking of T-cell self 

tolerance, since autoreactive B-cells have recently been shown to present self antigens to 

T-cells in an immunogenic form.
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A simple rapid assay based on the ability of lectins to bind carbohydrates has been developed to 
analyse changes in the oligosaccharide chains of IgG. Bandeiraea simplicifolia lectin and Ricinus communis 
agglutinin have been used to detect terminal TV-acetylglucosamine and galactose moieties respectively in 
IgG using immunodot-blotting. IgG samples (approximately 1 /xg) were dot-blotted onto nitrocellulose 
followed by boiling of the blots to expose the carbohydrate moieties. The blots were then treated with 
biotinylated lectins followed by either streptavidin-biotin-hydrogen peroxidase conjugate or ^^^I-labelled 
streptavidin. The colour was developed using chloronaphthol and the blots read on a densitometer. The 
labelled blots were cut and read on a y counter. The use of a monoclonal antibody to N-acetylglucosamine 
is also discussed. The results obtained using this method are comparable to those obtained by structural 
analysis.

Key words: Ricinus communis agglutinin; Bandeiraea simplicifolia lectin; Glycosylation; IgG; Rheumatoid arthritis

Introduction

Glycosylation changes in immunoglobulin G 
(IgG) were first reported by Mullinax (1975) who
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Abbreviations: SDS-PAGE, sodium dodecyl sulphate-poly- 
acrylamide gel electrophoresis; KPi, potassium phosphate 
buffer; PBS, phosphate-buffered saline; RA, rheumatoid 
arthritis; HRP, horseradish peroxidase; GlcNAc, A^-acetylglu- 
cosamine; %Go, prevalence of oligosaccharide chains lacking 
galactose on both the a l-6  and a l-3  arms of a bianteimary- 
complex type oligosaccharide; RCAI, Ricinus communis ag
glutinin; BSII, Bandeiraea simplicifolia lectin.

showed that the total galactose content of serum 
IgG was significantly decreased in patients with 
rheumatoid arthritis (RA). It was subsequently 
reported that serum IgG from patients with RA is 
associated with marked changes in the oligosac
charide moieties in the C^2 region (Fig. 1) whereby 
the prevalence of oligosaccharide chains terminat
ing in galactose is reduced, thus exposing N- 
acetylglucosamine (Parekh et al., 1985). The 
method employed (Parekh et al., 1988, 1989) for 
analysing these glycosylation changes is a lengthy 
process involving hydrazinolysis of IgG followed 
by ‘paper’ chromatography, alkaline borohydride 
reduction, high voltage electrophoresis, enzyme di
gestion and chromatography. A more rapid 
method is needed to facilitate studies of the clini
cal relevance of these glycosylation changes.

0022-1759/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)
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Fig. 1. Structure of biantennary oligosaccharide chains in hu
man IgG. Residues in italics are relatively infrequent in the 
Fc-linked sugars. This paper is concerned with the presence or 
absence of the galactose residues (shown in bold type). NeuSAc, 
neuraminic acid; Gal, galactose; GlcNAc, fV-acetyl gluco

samine; Man, mannose; Fuc, fucose.

Lectins have wide application in the identifica
tion of sugars (Lis and Sharon, 1986; Sharon and 
Lis, 1989). We report here a simple, rapid assay 
technique using labelled lectins for the analysis of 
glycosylation changes in IgG which also have a 
general application to other molecules containing 
oligosaccharide chains.

Ricinus communis agglutinin and Bandeiraea 
simplicifolia, BSII {Griffonia simplicifolia) lectin or 
alternatively antibody to iV-acetylglucosamine 
were chosen for binding galactose and N- 
acetylglucosamine respectively. By comparing the 
binding of these lectins to the sugars in purified 
IgG samples with the binding to the sugars in a 
set of IgG standards analysed by the hydrazinoly
sis method, we were able to obtain a measure of 
the percentage of oligosaccharide chains lacking 
galactose in test samples. The procedure described 
here is simple and the results obtained correlate 
with those obtained by the more accurate and 
sophisticated biochemical method.

Materials and methods

Materials

All chemicals used were of Analar grade. Am
monium sulphate, dipotassium phosphate, potas
sium dihydrogen orthophosphate, sodium chlo
ride, hydrogen peroxide and methanol were 
purchased from BDH. Tween 20, bovine serum 
albumin, chloronaphthol and trizma base, molecu
lar weight markers and sugars for lectin inhibition 
studies, were purchased from Sigma Chemical Co.

Nitrocellulose, Bradford reagent and DE52 gel 
were obtained from Schleicher and Schiill, BioRad 
and LKB respectively.

Biotinylated Bandeiraea simplicifolia lectin 
(BSII) and Ricinus communis agglutinin (RCAI) 
were obtained from Vector Laboratories. Abrus 
precatorus and RCAI agglutinins were a gift from 
Dr. Anthony Forrester. A monoclonal antibody to 
V-acetylglucosamine (anti-GlcNAc antibody), 
clone GN7 was prepared from the hybridoma 
described by Rook et al. (1988). Streptavidin-bio- 
tin-horseradish peroxidase (HRP) conjugate, 
streptavidin and radiolabelled iodine were pur
chased from Amersham. Streptavidin-HRP con
jugate was obtained from Dakopatts.

Patient details and methods

39 patients with classical RA were studied. 77 
apparently healthy controls (age range 2-98 years) 
with no history of autoimmune disease in their 
family were studied.

Preparation of serum
Blood samples were incubated at 37 ® C for 1 h 

to allow clotting and then spun at 6000 rpm for 15 
min. The serum was removed and stored at 
- 2 0 ' ' C.

Purification of IgG by DE52 anion-exchange chro
matography

To 0.5 ml of serum, half the volume of saturated 
ammonium sulphate, pH 7.2, was added dropwise 
with continuous stirring for 15 min and the serum 
spun at 6000 rpm for 20 min. The pellet obtained 
was resuspended in the original serum volume 
with 40% ammonium sulphate and spun at 6000
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rpm for 20 min. The pellet was resuspended in the 
original volume with 20 mM potassium phosphate 
buffer, pH 7.2 (KPi) and the samples dialysed 
overnight against the same buffer.

5 ml plastic syringe barrels were packed with 
approximately 6 g DE52 resin (Whatman, U.K.) 
equihbrated with 200 mM KPi, pH 7.2 for 1 h, 
then with 20 mM KPi pH 7.2. The rubber suction 
pad from the plunger was detached and inserted 
into the barrel after a 1-5 ml pipette tip had been 
fitted to it to make a buffer reservoir (10-15 
columns can be run at one time using this tech
nique). The dialysed sample was run through the 
column and the IgG eluted with 20 mM KPi, pH 
7.2. 1 ml fractions were collected until the ab
sorbance was nil. The column was then washed 
with 20 mM KPi containing 1 M potassium chlo
ride to elute the bound proteins. The IgG contain
ing fractions were pooled and for long term stor
age, kept at -2 0 ° C . The fractions were run on 
SDS-PAGE gels to check the purity of the IgG.

Purification of IgG using Sephadex G-25 /  DE52 
columns

IgG was also purified in a single operation 
using a column of coarse Sephadex G-25 and 
DE52. 12.0 ml of Sephadex were layered on to 1.0 
ml of the anion exchanger. The column was equi- 
Ubrated with 20 mM KPi, pH 7.2 and 100 /xl of 
serum diluted 1 /2  with 20 mM KPi, pH 7.2 were 
apphed. The column was washed with 20 mM KPi 
and two 2ml fractions followed by 0.5 ml fractions 
were collected until the absorbance at 280 nm was 
zero. IgG was eluted in these fractions. Bound 
proteins were then eluted with 20 mM KPi con
taining 1 M KCl and 2 ml fractions collected. 
Fractions were run on SDS-PAGE gels to identify 
those containing IgG.

Protein estimation
The protein concentration of the pooled IgG 

samples was assayed using the Bradford reagent 
(1976).

SDS-PAGE electrophoresis
10% acrylamide gels were run under reducing 

conditions by the method of Laemmli (1970). The 
samples (10 /xg/40 jal) were mixed with 20 jal 
sample buffer (1 M Tris-HCl buffer, pH 6.8 (7.2

ml), 1 M Tris-HCl buffer containing 100 mM 
EDTA (3 ml), 60% sucrose (5.3 ml), 20% SDS (5.7 
ml), bromophenol blue) containing 31 mg di- 
thiothreitol per ml of sample buffer and boiled in 
a boiling water bath for 3 min. The reduced sam
ples were applied to the gels and electrophoresis 
performed using 20 m A/gel for the stacking gel 
and 40 m A/gel for the separating gel. The gels 
were stained with Coomassie blue.

Biotinylation of lectins /  antibody
Lectins were made up to 1 mg/ml in water 

while W-hydroxysuccinimidobiotin (1 mg/ml) was 
dissolved in dimethylsulphoxide (Goding, 1986). 
The monoclonal antibody was used at 1 m g/m l in 
PBS. Biotin was added to the lectin or antibody at 
a ratio of 1:10 and left overnight at room temper
ature. The biotinylated reagents were dialysed 
against PBS and stored at 4®C with 0.01% sodium 
azide.

Standards for the ‘dot blot’ assay
Purified IgG samples were analysed for the 

percentage of ohgosaccharide chains lacking 
galactose (% Go) using hydrazinolysis followed by 
structural analysis (Parekh et al., 1988). IgG sam
ples ranging from 20 to 60% Go were used at 
standards throughout this study. This set of stan
dard was prepared from sera from normal donors 
and patients with RA.

Dot blots
IgG samples including standards were diluted 

with PBS to a concentration of 10 jag/ml and dot 
blotted in duplicate onto nitrocellulose (N /C ), 
using a Bio-Rad blotter (Bio-Rad Laboratories, 
Hemel Hempstead, England) following the manu
facturer’s instructions. Two identical blots were 
prepared.

The blots were left to dry at room temperature 
for 30 min and then boiled in phosphate-buffered 
saline for 15 min. Blocking of the blots was car
ried out in PBS containing Tween 0.05% and 
bovine serum albumin 1% (PBS-T-BSA) for 1 h or 
overnight at 4®C. This was followed by the ad
dition of biotinylated lectins. RCAI was used at 
1/250, Abrus precatorus lectin at 1/125 and BSII 
at 1/100 and anti-GlcNAc antibody at 1/1000. 
All dilutions were carried out in PBS-T-BSA. The
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blots were incubated with the lectins for 2.5 h 
followed by five washes with PBS-T-BSA at 10 
min intervals. Streptavidin biotin-HRP-conjugate 
diluted 1/1000 or streptavidin-HRP conjugate 
(1/2000) was added, and the blots incubated for 2 
h. The blots were then washed five times with 
PBS-T (PBS containing 0.05% Tween) at 10 min 
intervals.

The blots were developed with the substrate 
4-chloronaphthol made up at 0.3 m g/m l in 
methanol. The incubation mixture consisted of 1 
vol. substrate solution, 5 vols, of 50 mM Tris 
buffer, pH 7.6 and 0.01% H 2 O2  mixed im
mediately before use. After 20 min the blue colour 
had developed and the blots were washed with 
distilled water, dried thoroughly and scanned on a 
Bio-Rad video densitometer (model 620) using the 
reflectance mode.

The optical density (OD) readings were aver
aged and a standard curve plotted as the ratio of 
either BSII or anti-GlcNAc binding to RCAI 
binding versus the percentage oligosaccharide 
chains lacking galactose (% Go) determined by the 
hydrazinolysis method. The ratios of the test sam
ples were then read off this curve to determine the 
% Go values.

Probing with radiolabelled streptavidin
Streptavidin was iodinated with using the 

lodogen method (Hudson and Hay, 1989). The

dot blots were prepared and probed with RCAI 
and anti-GlcNAc as before except that labelled 
streptavidin was used at 200,000 counts/ml in 
place of streptavidin-biotin-HRP conjugate. The 
blots were incubated with labelled streptavidin for 
2 h followed by five washes with PBS-T. The blots 
were then dried and the dots cut out and counted 
for radioactivity using a Crystal multidetector 
gamma system (United Technologies Packard). 
The results were plotted as before.

Inhibition studies
To determine the extent to which various sugars 

and their derivatives inhibited lectin binding to 
IgG, the sugars were incubated with the lectins 
(BSII at 10 /ig /m l (0.09 /xM), RCAI at 4 p g /n d  
(0.12 /xM) for 1 h at room temperature. The 
blotting procedure was then carried out in the 
normal way and the results calculated as per
centage inhibition compared to lectin binding in 
the absence of sugars.

Results

Assay of glycosylation by probing dot blots of IgG  
Fig. 2 shows the binding of RCAI, BSII and 

anti-GlcNAc antibody to IgG standards with de
creasing galactose content using streptavidin-bio
tin-HRP conjugate. As can be seen from Fig. 2A,
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Fig. 2. Binding of RCAI (.^), BSII ( 5 )  and anti-GIcNAc (C) to IgG of differing galactose content using streptavidin-biotin-HRP 
conjugate. The anti-GlcNAc treated blots were read in a modified ELISA reader using transmitted light.
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Fig. 3. Comparison of structurally determined IgG %Go with 
{ A)  ratio of BSII;RCAI binding and ( B)  ratio of anti- 
GIcNAc ; RCAI binding using streptavidin-biotin-HRP con

jugate.

there is a decrease in RCAI binding with decreas
ing galactose in IgG whilst Fig. 2B  shows an 
increase in binding of BSII to N-acetylglucosa- 
mine. Similarly Fig. 2C shows a concomitant in
crease in binding of anti-GlcNAc to IgG with 
decreasing galactose.

The relationship between the ratio of 
BSII : RCAI binding and anti-GlcNAc : RCAI 
binding (which is a measure of the ratio of N- 
acetyl-glucosamine : galactose) on the one hand 
and the percentage oligosaccharide chains lacking 
galactose on the other, is shown in Figs. 3A and 
3B. The method can also be used with radio
labelled streptavidin (Fig. 4). However, the radio
labelling method is less convenient as it involves 
either cutting out and reading individual dots or 
scanning on a scanner for radiolabel or autoradi
ography followed by scanning of the autoradio
graphs. Thus, in aU our experiments that follow 
we have used the HRP conjugate.

Using this method, a series of IgG samples 
were analysed and the %Go values obtained using 
the calibration curve based on standard prepara
tions checked against the values obtained by the 
structural method. The results are shown in Fig. 5 
where a set of 24 samples were analysed using the 
anti-GlcNAc : RCAI and the BSII : RCAI meth
ods. The correlation coefficients between the 
structural analysis and the two methods were 0.85 
and 0.82 for anti-GlcNAc and BSII respectively. 
Using a total of 82 samples, the correlation coeffi-
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Fig. 4. Plot of structurally determined IgG %Go with the ratio 

of anti-GIcNAc: RCAI using I-streptavidin.

cient between the structural and anti-GlcNAc 
methods was 0.78. There were a number of sam
ples which gave consistently higher or lower %Go 
values compared with the structural method.
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Fig. 5. Correlation of IgG %Go values obtained using the 
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Fig. 6. Variation o f %Go with age in healthy controls. The bold 
line represents the mean for normal subjects generated by the 
least squares method (polynom ial order 2) using all the data. 

The outer lines represent ±  2 SD  of the residuals.

It has been established that %Go changes with 
age in the normal population (Parekh et al., 1988). 
Since the results obtained with anti-GlcNAc and 
BSII were closely comparable (r =  0.857, n = 94), 
we have pooled our data using the two methods to 
show the variation of %Go with age in a normal 
population (Fig. 6). The normal control curve did 
not differ significantly ( f  > 0.1) from the one 
obtained by the biochemical (structural) method 
in that the percent Go was high early and late in 
life with a minimum around 35-40 years. Hence, 
it was necessary for all observations to be age-cor
rected.

Glycosylation changes in rheumatoid patients
IgG from rheumatoid patients was analysed 

and the results are given in Fig. 7. The %Go 
values of the RA group were significantly higher 
( f  < 0.001) when compared with the %Go of a 
normal group by a t test in which individual 
values were expressed in terms of SD from the 
age-corrected mean.

Results with other lectins
Other galactose binding lectins were tested in

cluding a commercial sample of RCAI, Abrus 
precatorus lectin and peanut agglutinin. Commer
cial RCAI and Abrus precatorus both gave a simi
lar response to RCAI agglutinin when the binding

was plotted against IgG with decreasing 
(data not shown). However, peanut agglutinin did 
not bind as efficiently.

Wheat germ agglutinin was also used for bind
ing to ,V-acetylglucosamine but the results ob
tained were difficult to interpret which may be 
related to the fact that wheat germ agglutinin also 
binds sialic acid (Greenaway and LeVine, 1973).

Inhibition of lectin binding by sugars
We used iV-acetylglucosamine (0.05-10 mM), 

chitobiose (N,N'-diacetyl chitobiose, 0.01-0.25 
mM) and chitotriose (N,N'-triacetylchitotriose,
0.01-0.15 mM) for studying the inhibition of BSII 
binding to IgG with differing %Go. jV-acetylglu- 
cosamine gave complete inhibition of BSII bind
ing at 1 mM while chitobiose and chitotriose 
totally inhibited at 0.1 mM. The sugars used to 
study the inhibition of RCAI binding were galac
tose (1 mM-10 mM), lactose (0.25-0.75 mM) and 
lactosamine (0.1-1 mM). 7.5 mM galactose gave 
80% inhibition, 0.75 mM lactose was required for 
complete inhibition whilst 0.5mM lactosamine 
gave 75% inhibition. No Ai, values were de
termined.

Results with the methods for purification of IgG 
The data presented above were obtained with 

IgG samples purified using ammonium sulphate

100

AGE (YEARS)
Fig. 7. .Agalactosyl IgG  in patients with rheum atoid arthritis. 
The %Go values for the R A  patients are plotted on the age 

related curve obtained for normals.
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followed by DE52 anion exchange chromatogra
phy but this was too time-consuming for a routine 
method and so as an alternative, IgG was purified 
by the Sephadex G-25/DE52 method. The elution 
profile is shown in Fig. 8/1. The latter method 
gave pure IgG in fractions 4 and 5 (identifiable by 
the separated H and L chains) with transferrin 
eluting in fractions 6 and 7 (Fig. 8B). For com
parison Fig. 8C shows IgG purified by the am
monium sulphate/DE52 method. The Sephadex 
G-25/DE52 method was much quicker especially 
when small amounts of purified IgG were re
quired. The percentage recovery of IgG was in the 
region of 60% and 80% for the ammonium 
sulphate/DE52 and G-25/DE52 purification 
methods respectively. The latter method is now 
being used for purification of IgG for this assay. 
The %Go values of IgG samples purified by the 
two isolation procedures were comparable (r =
0.82, n = 14).

'-A

Discussion

The technique described in this paper uses 
lectins to detect terminal sugars on serum IgG 
samples applied to nitrocellulose blots and we 
have shown that it provides valid data for the 
analysis of glycosylation changes in IgG. The 
method is suitable for analysing the relative abun
dance of different terminal sugars in a given pro
tein using glycoproteins of known carbohydrate

Fig. 8. A\ elution profile o f hum an serum fractionated on a 
G -2 5 /D E 5 2  colum n (see text for details). B\ sodium  dodecyl 
sulphate-polyacrylam ide gel electrophoresis o f fractions o b 
tained from serum sam ples purified on G -2 5 /D E 5 2  colum ns. 
G el run under reducing conditions. Three serum sam ples were 
purified and the individual fractions run on SD S-PA G E . Lane 
L molecular weight markers: (a) m yosin, (b) /3-galactosidase, 
(c) phosphorylase B. (d) bovine serum album in, (e) ovalbum in, 
(f) carbonic anhydrase; lanes 2 -5 ,  sam ple 1 fractions 4 -7 ;  
lanes 6 -9 ,  sam ple 2 fractions 4 -7 ;  lanes 10-14  sam ple 3 
fractions 4 -8 ;  lane 15 com m ercially purified transferrin. C: 
sodium  dodecyl sulphate gel electrophoresis o f IgG purified  
from serum sam ples by the am m onium  su lp h a te /D E 5 2  m ethod. 
G el run under reducing conditions. Lanes 1 -3  IgG obtained  
from the serum o f 13 different patients with rheum atoid arthri

tis, lane 14 m olecular w eight markers as above.
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Structure as standards, but its particular value lies 
in its ability to detect changes in the glycosylation 
pattern of a protein under different circumstances 
such as differentiation or the occurrence of dis
ease. We have found that IgG needs to be dena
tured to expose the sugars and this may be true of 
other proteins where the oligosaccharide moieties 
are buried in the molecule. While this method 
cannot dehver the accuracy and detailed structural 
information of current biochemical analytical 
methods (Parekh et al., 1985), it has the advantage 
of being simpler, less time-consuming and does 
not require sophisticated equipment,

7V-acetylglucosamine is detected by the mono
clonal antibody described by Rook et al, (1988) or 
by the BSII lectin. BSII appears to be the only 
available lectin that interacts solely with terminal, 
non-reducing a- or ^-TV-acetylglucosamine end 
groups (Goldstein and Poretz, 1986), A method 
using the monoclonal antibody has been described 
(Filley et al„ 1989),

The ratio of anti-GlcNAc or BSII binding to 
that of RCAI binding on two identical spots is 
independent of protein concentration, so this only 
needs to be determined roughly to ensure that the 
amount of protein lies within the workable range 
(1-2  jag of protein). The ratio takes into account 
any differences in binding of a particular sample 
to nitrocellulose although we have found very 
little variation in the binding of samples with 
different %Go to nitrocellulose. An added ad
vantage is that the ratio changes rapidly with 
percent Go because of the reciprocal effect; as 
galactose decreases, W-acetylglucosamine in
creases thus making the ratio a much more sensi
tive indicator of change in glycosylation.

This assay can also be performed using radio
labelled streptavidin and the results obtained were 
comparable to those using streptavidin-biotin- 
HRP, However, the method is laborious and un
less a scanner for radiolabel is available, use of the 
colorimetric method is recommended.

The specificity of lectin binding was established 
by inhibition studies using appropriate carbohy
drates. Iyer et al. (1976) looked at the inhibition of 
the Bandeiraea-GlcNAc-BSA precipitin reaction 
by sugars and found jV-acetylglucosamine to be 
the best inhibitor of the monosaccharides tested. 
W, '-diacetylchitobiose containing two GlcNAc

residues per molecule was a more effective inhibi
tor in keeping with the idea that lectins have 
several carbohydrate subsites. Our inhibition re
sults using IgG from both controls and RA pa
tients show that TV-acetylglucosamine and 
chitobiose both inhibit 0,09 jaM BSII binding 
completely at 1 mM and 0,1 mM respectively. 
However, Parkinnen (1989) found that the binding 
of IgG to Bandeiraea was only partly inhibited 
(30%) by 0,1 M A’-acetylglucosamine, On the 
strength of these results, he suggested that the 
increased Bandeiraea binding of IgG from RA 
patients is only partly mediated by terminal 
GlcNAc residues on IgG, Our results do not bear 
this out since we found complete inhibition of 
BSII binding with both rheumatoid and control 
IgG at far lower concentrations. We are inclined 
to attribute this disparity in results to the relative 
inaccessibihty of the Fc ohgosaccharides in the 
intact molecule (Sutton and PhiUips, 1982); the 
dénaturation step in our procedure exposes these 
‘buried’ sugar moieties. The binding of 0,12 jaM 
RCAI to IgG was inhibited by 7,5 mM galactose 
and a ten-fold lower concentration of lactose. In 
contrast, Parkinnen (1989) reported that 0,1 M 
lactose failed to inhibit the binding of ricin ag
glutinin to RA IgG, again emphasizing the impor
tance of exposing the Fc sugar chains by dé
naturation, Complete inhibition of ricin agglutina
tion of red cells was found at 0,625 mM galactose 
and 0,155 mM lactose (Debray et al., 1981).

The standard curve was constructed using IgG 
samples which had been analysed by the structural 
method. Using this curve, further samples which 
had been analysed by the structural method were 
assayed using lectins as described in this paper. In 
general, there was good correlation between the 
two methods (r =  0.852 using anti-GlcNAc : RCAI 
binding and r =  0.82 using BSII : RCAI binding 
where n =  25 for both probes). Occasional dispari
ties were observed as the sample number was 
increased { r  =  0.777, n =  82 using anti- 
GlcNAc : RCAI binding). Although the correla
tion is good, the two methods are not measuring 
precisely the same thing. Structural analysis pro
vides a direct measure of isolated ohgosaccharide 
units terminating in two A-acetylglucosamine re
sidues (Go), that is chains completely negative for 
galactose, whereas the lectins also react with
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oligosaccharides bearing one or two terminal re
acting sugar residues. In fact, the ratio:

BSII (or anti-GIcNAc) binding _  %G1 4- %Go 
RCAI binding ~  %G1 -t- %G2

(where the figures refer to the number of galactose 
residues/oligosaccharide unit).

Thus overall, any diminution in galactose con
tent will change the ratio and the results will 
reflect a relative change in galactose deficiency, 
rather than a direct estimate of %Go.

A further complication arises from the fact that 
the lectins bind to intact IgG molecules which 
contain two ohgosaccharide moieties in the Fc 
region. RCAI which is divalent, may therefore 
bind to IgG with between one and three galactose 
residues (one GlcNAc is essential for bridging) 
while BSII and the IgM anti-GlcNAc with four 
and five valencies respectively may bind up to 
four GlcNAc residues per molecule simulta
neously. Because of the geometric increase in as
sociation constants associated with multivalent 
binding, there will tend to be an overestimate of 
GlcNAc relative to galactose overall and this must 
contribute to the deviation from hnearity when 
the ratio of BSII/RCAI binding is plotted against 
Go determined by structural analysis (Fig. 3A). 
Not surprisingly, BSII and anti-GlcNAc binding 
are very closely correlated. On account of this 
complexity, it must be emphasized again that the 
value of the method has in the assessment of 
relative changes in carbohydrate structure rather 
than in the determination of absolute composi
tion.

As shown by Parekh et al. (1988), it is essential 
to age correct the galactose defect when looking 
for abnormalities in a given group of patients 
since %Go varies with age in the normal popula
tion. To this end we have established an age 
related normal control curve which shows that the 
percentage of chains lacking galactose is high both 
early and late in life, confirming earlier results 
obtained by structural analysis (Parekh et al., 
1989).

We have assayed IgG from patients with 
rheumatoid arthritis (RA) and we have shown the 
present method discriminates RA patients from 
normal controls.

This method provides a rapid technique for 
looking at changes in terminal sugars in IgG gly
coforms (Rademacher et al., 1988) and clearly has 
a wide appUcation particularly when using other 
lectins for studying changes in sugars on glycopro
teins in general. The same principle can also be 
used on western blots. Once samples have been 
run on gels and transferred to nitrocellulose, the 
blots can be treated in the same manner as de
scribed for the dot blots.
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AGALACTOSYL IgG: AN AID TO DIFFERENTIAL DIAGNOSIS IN 
EARLY SYNOVITIS
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Sixty consecutive patients presenting with eariy- 
onset synovitis were studied by measuring rheumatoid 
factor (RF) titers and the percentage of oligosaccharide 
chains attached to the Cy2 domain of IgG that lack 
galactose (GAL[0]). After 2 years of followup, 39 pa
tients (65%) had developed rheumatoid arthritis (RA), 
and 21 had developed a variety of other inflammatory 
joint diseases. A combination of RF positivity and 
GAL(O) levels above the age-corrected mean gave a 
positive predictive value for a diagnosis of RA in 94% of 
these patients. These observations may well have clinical 
utility.

High levels of agalactosyl IgG (GAL[OJ) have 
been reported in adult-onset and juvenile-onset rheu
matoid arthritis (RA), particularly in patients with
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active disease (1,2). Thus, when the RA is active, 
these patients invariably have an increased percentage 
of oligosaccharide chains attached to the C y l  domain 
of IgG that lack galactose and terminate in N-acetyl- 
glucosamine (2,3), These agalactosylated immuno
globulins may be functionally deficient in their ability 
to bind monocyte and macrophage receptors or to 
induce cellular cytotoxicity (4-6). Furthermore, im
mune complexes formed by these immunoglobulins 
with antigen may not be eliminated rapidly from the 
circulation (4). In studies using a precise but complex 
chemical method (1) to analyze several hundred sera 
from patients with over 25 different diseases, the 
defect in glycosylation of IgG was shown to be largely 
confined to individuals with RA, Crohn’s disease, 
tuberculosis, or systemic lupus erythematosus (SLE) 
complicated by Sjogren’s syndrome (7). The disorders 
in which normal GAL(O) levels were found included 
osteoarthritis, with or without a synovial effusion, and 
various non-RA conditions associated with rheuma
toid factor (RF) (e.g., Klebsiella  infections and malar
ia). It has also become evident that the degree of 
glycosylation of IgG varies with age and that it is 
important to relate every value to a reference age 
curve, which has now been published (8). Recently, 
the differential binding properties of certain lectins to 
particular sugars have been utilized in a novel method 
in which equivalent results can be obtained faster (9). 
Using this technique, we have confirmed our original 
results showing elevated GAL(O) levels in both adult- 
onset and juvenile-onset RA (10).

All the studies performed to date have used sera 
from patients with established disease. It seemed 
important to determine whether raised GAL(O) levels 
were of diagnostic or prognostic significance in the

Arthritis and Rheumatism, Vol. 34, No, II (November 1991)
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Table 1. Outcome (at 1 year) for 60 patients with inflammatory 
joint pains of recent origin

Diagnosis
Number {%) 
of patients

Early rheumatoid arthritis 39 (65)
Palindromic rheumatism 1 (1.7)
Psoriatic arthritis 1 (1.7)
Reactive arthritis 2 (2.4)
Systemic lupus erythematosus 3 (5)
Polymyalgia rheumatica 1 (1.7)
Viral arthritis 3 (5)
Transient synovitis 10(16.7)

early stages of adult-onset synovitis. To this end, we 
studied 60 consecutive patients attending early-onset 
synovitis clinics at 2 district general hospitals in Hert
fordshire (St. Albans City Hospital and Queen Eliza
beth II Hospital, Welwyn Garden City) and The Mid
dlesex Hospital. These patients had had synovitis for 
less than a year, and they have been followed up for a 
minimum of 2 years. This report details the eventual 
clinical diagnosis in these patients and demonstrates 
that abnormalities in glycosylation of IgG are present 
from a very early stage of the disease in those who 
were eventually diagnosed as having rheumatoid ar
thritis.

Patients and methods. Sixty patients (20 males, 
40 females, mean age 51.1, age range 29-73) with 
synovitis of less than 1 year’s duration (mean 7.95 
months) have had regular clinical and laboratory as
sessments for a minimum of 2 years. Detailed assess
ments of the time and type of onset of this synovitis, 
any prodromal illness, relevant family history, and 
history of other diseases were recorded. Measure
ments of disease activity and functional capacity in
cluded assessments of the following features: duration 
of early morning stiffness, pain (by visual analog

scales), joint scores, and functional assessments (by 
grip strength and by Health Assessment Question
naire). Blood samples were taken and tested for the 
following values: complete blood cell count, blood 
urea nitrogen, electrolytes, liver function, erythrocyte 
sedimentation rate (ESR; Westergren), RF (by RA 
hemagglutination assay [RAHA], positive titer 
> 1 :40), antinuclear antibodies (ANA; on HEp-2 cells, 
positive titer > 1 :40), and GAL(O) (see below).

Over the course of the 2-3-year followup pe
riod, the diagnosis has become evident in each case. 
The majority of these patients (n = 39) were eventually 
diagnosed as having RA, according to the revised 
criteria of the American College of Rheumatology 
(formerly, the American Rheumatism Association 
[ARA]) (11). The remaining 21 patients were eventu
ally diagnosed as having other forms of inflammatory 
joint disease (Table 1).

The mean ages, age ranges, and sex ratios were 
similar in the 2 groups (Table 2). There was an 
expected overlap of the number of ARA clinical crite
ria met and the presence of RF between the 2 groups.

The method used to measure GAL(O) levels is 
described in detail elsewhere (9). Briefly, purified IgG 
samples (1-2 /xg) and IgG standards containing known 
percentages of GAL(O) were dot-blotted onto nitrocel
lulose using a dot-blotter from Bio-Rad (Richmond, 
CA). Two identical blots of each sample were pre
pared. The blots were boiled in phosphate buffered 
saline (PBS) at 90°C for 15 minutes, followed by 
blocking in PBS-Tween (0.01%) containing 1.0% bo
vine serum albumin (PBS-Tween-BSA). The following 
steps were carried out at room temperature, and the 
blots were shaken on a horizontal shaker. One of the 
blocked blots was treated with biotinylated Ricinus 
communis agglutinin (RCA-I; 1:250 dilution) and the

Table 2. Demographic data of the study population"

Diagnostic 
group (n)

Sex
(no. male/female)

Age
(mean)

Duration
(mean

months)
ARA criteria 
(% with >2)

RF
(% positive)

GAL(O) 
(% positive)

GAL(O) 
(mean value)

Non-RA (21) 5/16 49.1 7.11 44.4 4.8 14.3 -0 .5 7
Early RA (39) 15/24 52.2 8.33 81.6t 64.1 + 76.9§ 1.06
Total (60) 20/40 51.1 7.95 70.6 43.3 55.0 0.49

* See ref. 11 for the American Rheumatism Association (ARA) criteria. Rheumatoid factor (RF) was determined by rheumatoid arthritis 
hemagglutination assay (positive >1:40). Levels of agalactosylated (GAL[0]) IgG were calculated as described in Patients and Methods, and 
represent standard deviations from (above or below) the age-corrected mean for healthy controls (see ref. 9). The non-rheumatoid arthritis 
(non-RA) group had other inflammatory joint diseases, 
f  y  = 6.3, P <  0.05, versus non-RA group.
$ ÿ  = 17.2, P <  0.0001, versus non-RA group.
§ = 19.1, F  <  0.0001, versus non-RA group.
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other with biotinylated Bandeiraea simplicifolia agglu
tinin (BS-II; 1:100 dilution) for 2.5 hours. After wash
ing the blots with PBS-Tween-BSA (5 times for 10 
m inutes each), streptavidin-b iotin-horseradish  
peroxidase conjugate was added (1:1,000 dilution), 
and the blots were incubated for 2 hours.

The blots were then washed with PBS-Tween, 
developed with chloronaphthol, and scanned using a 
Bio-Rad video densitometer. The ratios of BS-II bind
ing to RCA-I binding for the standards were plotted 
against the %GAL(0) values, and the values for test 
samples were read against this curve. The values were 
scored as standard deviations above or below the 
age-corrected mean for a healthy population (9), now 
consisting of nearly 100 individuals between ages 20 
and 70. The test standards, measured by the original 
hydrazinolysis method (1), were kindly provided by 
Dr. Rademacher and colleagues from the Oxford Gly
cobiology Group.

Data were entered on the UCL Amdahl com
puter and analyzed with the SPSS^ package (12), 
employing chi-square contingency tables and Stu
dent’s Mest where appropriate. Discriminant function 
analysis used mean values of the chosen variables to 
obtain Rao’s V to separate outcome groups, as previ
ously described (12).

Results. There was a significant difference be
tween the GAL(O) levels corrected for age-at-first-visit 
in the group that developed RA and the group that did 
not (Student’s t =  -4 .8 6 , P  = 0.0001) (Figure 1). Only 
3 patients from the non-RA group had GAL(O) levels 
above the age-corrected mean (only 1 above the mean 
4- 1 SD), 2 of whom had SLE (1 also had Sjogren’s 
syndrome). The third patient had a transient synovitis 
with a high ESR but no detectable RF or ANA and 
negative viral serology. This patient’s symptoms sub
sided spontaneously.

Nine patients with early RA (23%) had low 
GAL(O) levels (i.e., below the age-corrected mean) at 
study entry. Six of these patients had serial samples of 
blood drawn for GAL(O) levels, 5 of whom subse
quently had raised GAL(O) levels, and only 1 had 
persistently low levels (data not shown). Thirteen 
patients had a transient synovitis; 3 of them had 
positive findings on viral serology for parvovirus (2 
patients) and for rubella (1 patient), but 1 of them had 
raised GAL(O) levels.

Discriminant analysis of the ARA clinical crite
ria present at study entry predicted the eventual 
outcome in 41 of the 60 patients (68%), whereas the RF 
titer successfully distinguished 50 of the 60 (83%) and
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Figure 1, Levels o f agalactosylated [GAL(O)] IgG in patients with 
early-onset synovitis (<1 year’s duration) who, after 2 years of 
followup, developed rheumatoid arthritis (RA; n = 39) or other 
forms of inflammatory joint disease (Non-RA; n = 21). Values are 
standard deviations from the age-corrected mean (0-point, solid line) 
for healthy controls (see ref. 9). Broken lines show group means.

the GAL(O) levels 47 (78%). Combining RF and 
GAL(O) improved this discrimination to 91% (sensitivity 
90%, specificity 95%, positive predictive value 94%).

As Table 3 indicates, of 18 patients in whom RF

Table 3. Correlations of outcome with RF positivity and GAL(O) 
level*

Non-RA patients RA patients
(n = 21) (n = 39)

RF negative and GAL(O) normal 16 2
RF negative, GAL(O) raised 2 3
RF positive, GAL(O) normal 2 7
RF positive and GAL(O) raised 1 27

* Rheumatoid factor (RF) was determined by rheumatoid arthritis 
hemagglutination assay (positive >1:40). Levels of agalactosylated 
(GAL[0]) IgG were compared with the mean age-corrected level in 
healthy controls, as described in Patients and Methods (see also ref. 
9). The non-rheumatoid arthritis (non-RA) group had other inflam
matory joint diseases.
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was negative (i.e., RAHA titer < 1 :40) and the GAL(O) 
value was at or below the age-corrected mean, 16 were 
in the non-RA group. Five patients with RA were 
seronegative for RF at study entry; 3 of them had 
raised GAL(O) levels. Three patients with other types 
of inflammatory joint disease were RF positive; 2 of 
these 3 patients had low GAL(O) levels. The patient 
with the highest GAL(O) level in the non-RA group 
was RF negative.

Discussion. The purpose of this study was to 
determine whether the finding of an increased level of 
GAL(O) might help guide the rheumatologist when 
presented with a patient who has clinical evidence of 
synovitis but no diagnosis has been made. The prac
ticing clinician seeks, in particular, a reliable diagnos
tic and prognostic marker for RA. The commonly used 
ARA diagnostic criteria were designed essentially for 
epidemiologic studies, and the practical problem of 
their application to individual patients is well recog
nized. The positive predictive value of 94%, obtained 
by combining the GAL(O) and RF results, is impres
sive. From these results it is clear that the impairment 
in normal glycosylation of IgG is present from a very 
early stage in RA. Our detailed earlier studies reported 
elsewhere (3,7) have confirmed that in other diseases 
in which RF has been reported (13), including osteoar
thritis with synovial effusion and Escherichia coli and 
Klebsiella  infections, GAL(O) levels are not increased. 
We observed with interest, though have no simple 
explanation, that the individuals in the non-RA group 
tended to have lower GAL(O) levels than did the 
healthy controls.

It is possible that the patients we studied rep
resent some atypical group of individuals who are 
more likely to develop RA. We think this is unlikely 
for several reasons. The only clinical criterion was 
whether the patient had early-onset synovitis. Further
more, the study patients were drawn from 2 different 
populations, one at the Middlesex Hospital, a teaching 
hospital in the center of London, whose patients are 
drawn from a wide variety of sources, and the other at 
St. Albans City and Queen Elizabeth II hospitals, both 
30 miles outside London, whose patients are drawn 
from a much more homogeneous population. Finally, 
over one-third of the patients (21 of 60) were eventu
ally diagnosed as having disorders other than RA.

Rheumatoid factor has been the best laboratory 
aid to diagnosis. It has, however, to be interpreted 
with great care in patients with early inflammatory 
joint conditions, because it may be unreliable in dif
ferentiating early RA from the overlapping clinical

features commonly seen in SLE and some forms of 
reactive or psoriatic arthropathies that affect the body 
symmetrically. It has recently been confirmed, for 
example, that up to 25% of lupus patients have a 
persistently positive RF (14). For the clinician, the 
only realistic approach, in many cases, is to provide 
supportive therapy while waiting for definitive diag
nostic symptoms to evolve. Given that GAL(O) levels 
higher than the age-corrected mean -t- 2 SD were 
confined in this study to patients who were eventually 
diagnosed as having RA, and that an increased level 
has been shown to be disease restricted (7), this new 
measurement appears to be useful in the diagnosis of 
RA. The relationship between RF activity and the 
extent of galactosylation of IgG remains uncertain, 
though recently published reports suggest that they are 
not associated (5,15).

The question of prognosis is important both to 
the patient and to the clinician who may favor early 
intervention. The adverse features identified in early 
studies as poor prognostic indicators included early 
erosions, high ESR, and seropositivity (16-18). How
ever, of these and other features analyzed in a study 
using discriminant function analysis, only a combina
tion of RF (by sheep cell agglutination and by latex 
fixation), hemoglobin level, and platelet count suc
cessfully predicted radiologic outcome in 72%. This 
was confirmed in 79% in a separate group (19). Im
provement in these values is essential to the clinician 
intending to use powerful second-line agents in early 
disease. Longer-term studies are needed to determine 
whether GAL(O) levels can usefully predict outcome in 
this potentially serious condition. However, the re
sults in the present study suggest that there is consid
erable clinical utility in measuring GAL(O) and RF as a 
way of helping the rheumatologist arrive at the correct 
diagnosis in a patient presenting with early-onset 
synovitis.
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F orty -sev en  m em b ers o f  e igh t fa m ilie s  w ith  a rh eu m a to id  p roband  w ere  
an a lysed  for ab n orm al g lycosy la tion  o f  IgG. The resu lts  (% G (o) w h ich  is 
the p ercen ta g e  o f  o ligosacch arid e chains lacking ga la c to se ) w ere co rrec ted  
for age and  exp ressed  as SD  units about the m ean  for the n orm al p o p u 
la tion . S even  o f  8 proban ds, 3/8 spouses, 3/5 RA re la tiv es and  4/26 n on -R A  
re la tiv es  had % G(o) va lu es > 1 S D  above the age correc ted  m ean  for the  
n o rm a l con tro l p op u la tion  ( f  <0.001, <0.01, <0.005 and  > 0 .5  re sp e c t
iv e ly ). A fu rth er  13 spouse p airs w ere stud ied . T en o f  13 p rob an d s and 8/13  
sp ou ses h ad  % G(o) va lu es > ISD  above the m ean  (P < 0 .0 0 1  and <0.001  
resp ectiv e ly ). Thus in to ta l, a str ik in g ly  high n u m b er o f  u n affected  sp ou ses  
had h igh  % G (o) values (11/21). IgM , IgA and IgG rh eu m a to id  factors w ere  
stu d ied . W hile RA p a tien ts’ sera  show ed  a correla tion  b etw een  IgM  and  IgA  
rh eu m a to id  factors and % G (o), (IgM , r = 0.41 0 .05> P > 0.02, IgA , r =  0.36,
P  =  0.05), no correla tion  b etw een  IgG RF and % G(o) w as n oted  in  the RA  
p a tien ts . No correla tion  w as found  betw een any o f  th e  R F c la sses  and  
% G (o) in  spou ses and non -R A  rela tives.

Introduction
T h e  clin ical expression  o f  rheum atoid  arthritis (R A ) is d ep en d en t upon  a co m b i
nation o f  horm on al, inherited and environm ental factors [1], T h u s the d isease is
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approximately three times more common in women and is closely linked to HLA-DR4 
which is found in approximately 70-75“o of patients with classical RA [2]. Further
more, H L A -D R l is prevalent among those RA patients who are not DR4 positive [3]. 
The data from twin studies have indicated that there is at best a weak concordance 
between monozygotic twins [4, 5], suggesting that environmental factors must be 
important. However, Lawrence [6] has shown that very active rheumatoid arthritis 
was found at four times the expected rate in first degree relatives of probands with 
seropositive disease.

Many studies have examined possible environmental factors in the aetiology of 
RA [ 1 ]. The much lower than expected prevalence of RA amongst some rural African 
populations [7] could be the result of non-exposure to some critical environmental 
factor. Recently, deficient repair of the premutagenic D N A  lesion produced by 
0^-methylation of guanine has been reported in the lymphocytes of spouses of 
patients with RA as well as the patients themselves [8]. Although an additional 
hereditary influence was not fully excluded in this study, on balance the data 
suggested that the deficient repair is an acquired mechanism.

During the last 5 years a further possible factor in the aetiology of RA has been 
the subject of intense scrutiny. Studies of the N-linked biantennary oligosaccharide 
chains attached to the Fc portions of IgG have shown that a major difference exists 
between normal individuals and those with rheumatoid arthritis of both childhood 
and adult onset [9], and it has been suggested that the changes in these sugars may 
be involved in the aetiopathogenesis of RA. Structural analysis indicates that serum 
IgG in patients with rheumatoid arthritis is not associated with any novel oligo
saccharide structures, but rather with an increased number of oligosaccharide 
moieties whose outer arms lack galactose and terminate in N-acetylglucosamine 
(GlcNAc) residues [10]. The percentage of oligosaccharides which lack galactose 
[°oG(o)] is an age-related parameter [11] and has been found to be disease restricted 
to adult RA, juvenile chronic arthritis, tuberculosis, Crohn’s disease and SLE 
complicated by Sjogren’s syndrome [12]. Furthermore, in longitudinal studies 
° o G ( o )  was found to correlate with disease activity in juvenile and adult onset RA 
patients [9]. It is also interesting that during pregnancy, when 70-80°o of RA 
patients go into remission, a significant increase in the galactose content of IgG is 
observed [13].

The studies referred to above have suggested that both genetic and environmental 
influences are involved in the development of RA. In the present study, the %G(o) 
levels in the sera of RA patients, their relatives and spouses were analysed in order 
to clarify whether either or both of these influences are also concerned with the 
galactosylation of IgG.

Subjects and methods

Subjects

Forty-seven of eight families with a classical or definite RA [14] proband were 
studied; this included seven unrelated spouses. In addition, we studied 13 spouse 
pairs with an RA proband in the classical or definite category.
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Figure 1. Variation of °oG(o) in healthy controls. The bold line represents the mean for normal subjects 
generated by the least squares method (polynomial order 2) using all the data. The outer line represent 
+ 2 SD of the residuals.

Methods

Analysis of IgG glycosylation
Purification of IgG and analysis of glycosylation of IgG was carried out as described 
previously [15]. Briefly, IgG was purified from serum samples (0.2-0.5 ml) by 
ammonium sulphate fractionation (33%) and DE52 (Pharmacia LKB Biotechnology 
AB, Uppsala, Sweden) anion exchange chromatography using 20 mM potassium 
phosphate buffer, pH 7.2. Fractions containing IgG were pooled and protein esti
mations carried out by the Bradford method [16]. For the analysis of glycosylation, 
IgG samples (100 pi, 10 pg/ml) including IgG standards of known %G(o) were dot 
blotted onto nitrocellulose using a Bio-Rad dot blotter. Two identical blots were 
prepared. The blots were denatured by boiling in phosphate buffered saline pH 7.2 
(PBS) at 90^C for 15 min followed by blocking with PBS containing 1 % bovine serum 
albumin and 0.05% Tween-20 (PBS-T-BSA). The blots were probed with biotiny- 
lated ricin agglutinin and biotinylated Bandeiraea B S ll for 2.5 h for the detection of 
galactose and N-acetylglucosamine respectively, and then washed with PBS-T-BSA  
followed by probing with streptavidin-HRP conjugate (Amersham International pic, 
Amersham, UK) diluted lin  1000 for 2 h. The blots were finally washed and developed 
with chloronaphthol and read on a Bio-Rad video densitometer. The ratio of binding 
of Bandeiraea over the binding of ricin agglutinin for the IgG standards was plotted 
against ° 'oG(o) and the ratio for the samples read off against this curve.

The results were corrected for age using an age related %G(o) distribution 
obtained for the normal population (Figure 1). The °oG(o) results are expressed as 
standard deviation (SD) of the mean for the control group at that age.
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R h eu m ato id  fa c to r  m easurem ent
Half the wells of a microtitre plate (Nunc Immunon 2, Gibco BRL, Uxbridge, UK) 
were coated with 10 pg ml horse IgG (Miles Laboratories Ltd, Slough, UK) in 0.05m 
bicarbonate buffer pH 9.6 (100 pi per well). The other half of the plate was filled with 
buffer alone. The plate was incubated overnight at 4 C. The wells were washed four 
times with PBS and blocked using 2°o BSA in PBS (200 pl/well) for 2 h at room 
temperature. The wells were washed four times with PBS. Rheumatoid factor stan
dard (National Institute for Biological Standards, Potters Bar, Herts, UK; standard 
curve range 1,0.5,0.2,0.1,0.02 iu/ml) and serum samples diluted 1/500 inPBS/BSA  
with 0.05°o Tween-20, were added in duplicate to the wells on both the coated and 
uncoated sides of the plate (100 pl/well). After incubation for 2 hat room temperature, 
the plates were washed four times in PBS-Tween, and goat anti-human IgG, IgA or 
IgM F(ab' ) 2  peroxidase conjugate (Sigma Chemical Co. Ltd., St. Louis, USA) 
diluted 1/1,000 in PBS-Tween were added to the wells (100 jil/well). Plates were 
incubated for a further 2 h at room temperature, washed four times in PBS-Tween, 
and 100 pi of ABTS substrate solution were added to each well (50 mg ABTS in 
100 ml 0.018 M  citrate phosphate buffer pH 4 with 50 pi H^O,). After 10 min, colour 
development was stopped by the addition of 50 pi sodium fluoride (96 pg/ml) to each 
well. The plates were read at 405 nm on an ELISA reader. Background values were 
subtracted, the standards in international units were plotted against absorbance and 
the samples read off the standard curve. The results are expressed as iu/ml of serum.

S ta tis tic s
Student's r-tests and regression analyses were used to analyse the data.

Results

% G (o )  values

IgG from eight families with 47 individuals (eight probands, eight unaffected 
spouses, 26 unaffected relatives and five relatives with RA) were studied. IgG from 
six of the eight families was also analysed by the hydrazinolysis method [11] and the 
correlation coefficient between the two methods was 0.83. By the hydrazinolysis 
method, 5/6 probands, 3/5 spouses, 4/4 affected relatives and 3/13 non-RA relatives 
had elevated ° q G ( o ) .  The ° o G ( o )  results obtained were expressed as standard devi
ation (SD) units about the mean for the normal control population. In the eight 
families studied, 7/8 probands, 3/8 spouses, 3/5 RA relatives and 4/26 non-RA rela
tives had °oG(o) values > 1 SD above the age corrected mean for the normal control 
population ( P < 0.001, <0.01, <0.005 and >0.5 respectively). A further series of 13 
spouse pairs was studied. Ten of 13 probands and 8/13 spouses had °oG(o) values 
> ISD above the mean (P < 0.001 and <0.001 respectively). Overall, 21 spouse pairs 
were studied. Seventeen of 21 probands and 11/21 spouses had °oG(o) values > ISD  
above the mean. The results are shown in Figure 2. There was a significant difference 
between the %G(o) values obtained for the probands and spouses compared with 
normal controls (P <  0.001) while the °bG(o) of the unaffected relatives was not 
significantly different from the normal population.
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Figure 2. "„G(o) in rheumatoid probands and their family members showing the mean °„G(o) in SD  
units ± standard error of mean. The shaded area represents 1 SD above and below the mean for the 
normal control population.

° o G ( o )  a n d  rheum atoid  fa c to r

IgM, IgA and IgG rheumatoid factors were estimated in the sera of all the subjects 
studied. Figure 3 shows the results obtained for controls, RA probands, spouses, 
relatives with RA and non-RA relatives.

Significant correlation between °oG(o) and IgM and IgA RFs was noted in the RA 
patients (IgMRF r =  0 .414,0.057 > P >  0.02; IgARF r = 0.36, P =  0.05).

No significant correlation was observed between °oG(o) (SD units) and the 
rheumatoid factor classes in the spouses (IgMRF r = 0.141, P >  0.05; IgARF r =  0.08 
P > 0.05; IgGRF r =  0.12, P  > 0.05) and non-RA relatives (IgMRF r =  0.31, P >  0.05; 
IgARF r = 0.34, P >0.05; IgGRF r =  0.045, P>0.05) and between %G(o) and 
IgGRF (r = 0.2S, P > 0 .05 ) in RA patients (RA probands and RA relatives).

H L A  association

The family members from the eight families studied were HLA typed. The three 
spouses with high “qG(o) were typed as DR4,2; DR1,DR- and DR7, DRw53. Of the 
four non-RA relatives with high °oG(o), one was DR4 while three were DR2. Of the 
22 non-RA relatives with low ° q G ( o ) ,  eight were DR4, seven were DR6 and four 
were DR2. From the limited amount o f data available, there does not appear to be a 
correlation between DR type and %G(o).

Discussion

It is well established that agalactosyl IgG [ ° o G ( o ) ]  is unduly high in patients with 
RA, juvenile chronic arthritis, tuberculosis, Crohn’s disease and in cases of SLE
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complicated by Sjogren’s syndrome [12]. It has further been shown that "oG(o) is an 
age related phenomenon and changes as a parabolic function of age [11] (Figure 1).

The data in this study confirm that °oG(o) is increased in RA patients (P <  0.001 
when compared with a normal control population). Close relatives (1st and 2nd 
degree) did not show a significant defect when compared with the normal population. 
However, a striking number of spouses, unaffected by RA in the initial family study, 
had a high °qG(o) level which overall was significantly higher than the normal 
controls (P<0.001). The validity of this observation was strengthened by studies on 
a further series of 13 RA probands and their spouses which gave comparable results. 
This is the first report of a study where ° q G ( o ) is raised in unaffected spouses of RA 
probands. It is relevant to note that in an earlier family study we reported that a 
methyltransferase DNA  repair enzyme was significantly reduced in spouses of RA 
probands [8]. Samples were available from 16 of the subjects tested for this enzyme 
and the IgG was analysed for "oG(o); however, there appeared to be no correlation 
between the levels of the enzyme and “qG(o), suggesting they are independent 
variables.

Why unaffected spouses have these defects is not clear, although the implication is 
that environmental factors or perhaps even sexually transmitted agents are involved. 
Since none of these spouses had RA, it is evident that defects in the transferase or in 
the galactosylation of IgG alone do not cause the disease, thus confirming its multi
factorial origin. The reasons for susceptibility of certain individuals are still unclear 
though the influence of HLA antigens (Dw4, DR4 and DRw53) in RA is well estab
lished [2]. On the limited amount of data we have, there does not appear to be a 
correlation between DR type and °uG(o).

There was no correlation between rheumatoid factors and %G(o) in spouses 
(where ° q G ( o ) is significantly raised) and non-RA relatives, showing that °oG(o) is 
not the only factor affecting rheumatoid factor production. However, a weak corre
lation between IgM and IgA rheumatoid factors and °oG(o) (expressed in SD units) 
in the RA patients was observed (although this was not evident in a previous study 
[17]) which may indicate that °oG(o) and rheumatoid factor may play a role in the 
disease. In this respect, we have recently found that ° q G ( o ) is raised in patients who 
later go on to develop RA [18]. Thus °oG(o) is present early in disease, and in 
addition it emerged that a combination of a positive IgM rheumatoid factor and 
raised °oG(o) was more reliable in predicting the eventual diagnosis of RA than 
either test alone [18]. It will be interesting to study the spouses and the non-RA 
relatives who had elevated °qG(o) to see whether they later go on to develop RA.
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Lymphocytes from patients with rheumatoid arthritis produce 
agalactosylated IgG in vitro
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P. M . L Y D Y A R D  D epartm en ts o f  Im m unology and * R heum atology Research, U niversity C ollege and

M iddlesex  School o f  M edicine, London, U K
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SU M M A R Y

The percentage o f oligosaccharide chains lacking galactose was measured in IgG obtained from 
pokeweed mitogen-activated cultures o f  blood lymphocytes from patients with rheumatoid arthritis 
and controls. Secreted IgG from rheumatoid arthritis lymphocytes was deficient in galactose 
compared with IgG from the lymphocytes o f  controls. This confirms that agalactosylation is a 
significant feature o f the disease and demonstrates that it can occur at the B cell level and is not merely 
a post-secretory event.

Keywords agalactosylation secreted IgG rheumatoid arthritis

IN T R O D U C T IO N

IgG molecules have biantennary oligosaccharides in the Fey 
region which are postulated to hold the Cy2 domains apart [1,2]. 
In the majority o f normal IgG molecules, these oligosaccharide 
chains terminate in galactose residues, and the degree o f  
galactosylation is dependent on age [3]. Serum IgG molecules 
from patients with juvenile [4,5] and adult onset rheumatoid 
arthritis (RA) [1,2] have a higher percentage o f  oligosaccharides 
which lack terminal galactose residues resulting in the exposure 
o f terminal Y-acetylglucosamine (GlcNAc). The decrease in 
terminal galactose o f IgG molecules is not simply a concomitant 
o f chronic inflammation since it is not a feature o f systemic lupus 
erythematosus, primary Sjogren’s syndrome, myositis, sclero
derma, osteoarthritis, ankylosing spondylitis, psoriatic arthro
pathy, post-yersinia arthropathy, rheumatic fever or gout. 
However, the decrease in IgG galactosylation is present in 
patients with tuberculosis and Crohn’s disease [6,7].

A model whereby agalactosyl IgG could be involved in 
autoaggregation has been suggested [2].

Analysis o f  the level o f  the enzyme /5-galactosyltransferase, 
responsible for assembling the N-linked galactose on the IgG 
oligosaccharides indicates that B (and T) cells from the blood o f  
RA patients show decreased levels o f enzyme activity [8]. This 
suggests that decreased galactosylation o f  the IgG may be the 
direct result o f this reduced activity. However, it is also possible 
that the deficiency may be due to post-secretory modification o f  
IgG, perhaps by hydrolytic enzymes or through free radical 
damage [9].

Correspondence: K. B. Bodman, Department of Immunology, 
UCMSM, Arthur Stanley House, 40-50 Tottenham Street, London 
W1P9PG, UK.

Here we show that IgG molecules secreted by B cells from 
RA patients in vitro, like those found in the serum, have lower 
levels o f  galactose. This confirms that the IgG galactosylation 
deficiency in RA occurs at the B cell level and is not simply a 
post-secretory modification.

S U B JE C T S  A N D  M E T H O D S

P atien ts and controls
Twenty-three patients with at least four o f  the revised criteria o f  
the American College o f  Rheumatology for the classification o f  
RA [ 10] were chosen for this study (mean age 54 years, range 25- 
80). Patients were assigned to one o f three drug groups: group 1 
patients received no treatment or first-line drugs (non-steroidal 
anti-inflammatory drugs (NSAIDs)); group 2 received second- 
line drugs (including sulphasalazine, gold, D-penicillamine, 
hydroxychloroquine) with or without NSAIDs; and group 3 
were on third-line drugs (major immunosuppressive drugs 
including azathioprine and prednisolone) with or without 
N SA ID s. All patients were established on these drug regimens 
for at least 1 month.

Nine healthy laboratory personnel were also studied as 
controls (mean age 38 years, range 25-58).

Blood samples from patients and controls were collected 
into heparin and the peripheral blood mononuclear cells 
(PBMC) prepared as described [11]. Serum was also taken to be 
analysed in parallel. PBMC were cultured in RPMI 1640 at 107 
ml with pokeweed mitogen (PWM) at optimum concentration 
(1/200-1/400) for 7 days as described [12].

Purification o f  IgG fro m  supernatants and serum  
Supernatants were dialysed against PBS and the IgG purified on 
a goat F(ab')2 anti-human IgG affinity column. Serum was

420



Rheumatoid arthritis patients produce agalactosyl IgG in vitro 421

ammonium sulphate precipitated, dialysed against potassium  
phosphate buffer and the IgG isolated by DE52 anion exchange 
chromatography as described [13].

To eliminate the possible interference from IgM rheumatoid 
factor produced in vitro, supernatants from seven RA patients 
and four control subjects produced in response to PWM were 
incubated in the presence o f 0 01 m  dithiothreitol (DTT) prior to 
testing for IgG galactosylation. This reducing agent dissociates 
the IgM by cleavage o f disulphide bonds. Since no significant 
differences were seen compared with the non-DTT -treated IgG, 
the data were pooled with those obtained without reduction.

To negate the possible effects on galactosylation o f  secreted 
IgG by free radicals generated in vitro, 70 vitamin C (known 
to be a free radical scavenger at this concentration [14,15]) was 
added to cultures o f  five RA patient samples.

M easurem ent o f  IgG term inal galactosyla tion  
The method used is described elsewhere [13]. Briefly, purified 
IgG was dot-blotted in duplicate onto nitrocellulose together 
with individual IgG standards in which the percentage chains 
lacking galactose (%G(0)) had been determined by the bio
chemical analysis o f oligosaccharides released by hydrazinolysis
[1]-

The blots were boiled in PBS, blocked in PBS-Tween  
(0 05% )-bovine serum albumin (BSA) (10% ) and incubated 
with biotinylated Ricinus communis agglutinin (RCAI) (kindly 
provided by Dr A. Forrester) and either Bandeiraea sim plicifolia  
(BSII) (Vector Laboratories) or a m onoclonal anti-A-acetylglu- 
cosamine (kindly provided by Dr G. Rook [16]). The dots were 
visualized using the biotin-streptavidin peroxidase system with 
4-chloronaphthol as a substrate. The optical density was read 
using a modified ELISA reader [17] or video densitometer 
(BioRad). The ratio o f  BSII: RCAI or o f anti-G lcN A c: RCAI 
binding o f the standards was plotted and the %G(0) o f  the 
samples computed from the standard curve.

S ta tis tica l analysis and presentation o f  data  
Results are shown in relation to previously defined age curves 
for normal serum IgG [13] and are expressed as the number o f  
s.d. units above or below the normal mean.

Data were further analysed using Student’s r-test (two- 
tailed) and presented as the group mean ±  s.d.

RESULTS
Galactosylation o f  serum and  in vitro secreted  IgG

Serum IgG. As a group, the patients had signifieantly raised 
%G(0) levels (m ean+ s.d. 1 3 9 + 1  39) compared with the levels 
seen in the controls ( — 0-06±0-77) (P < 0  01) (Fig. 1).

In vitro secreted  IgG. After stimulation o f  PBMC with 
PWM, the RA patients also showed a significantly higher 
%G(0) (0 7 9 +  2 13) in IgG secreted in vitro  compared with IgG  
from controls ( —0 93 +  0 19) (P < 0  02) (Fig. 2).

o  2 -

- 2
RAControl

Fig. 1. Serum IgG galactosylation in controls and rheumatoid patients. 
The percentage of oligosaccharide chains lacking galactose in IgG from 
nine control and 23 rheumatoid arthritis (RA) sera was analysed and 
expressed as number of s.d. units above or below the mean of age related 
normal populations.

o

<

-2

-3
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Fig. 2. IgG secreted in vitro by PWM-activated lymphocytes from nine 
control subjects and 23 rheumatoid arthritis (RA) patients. The 
percentage of oligosaccharide chains lacking galactose in IgG secreted in 
vitro is expressed as age corrected values, as in Fig. 1.

E ffects o f  free  radicals in vitro
To exclude the possibility that in u/tro-secreted IgG was more 
exposed to free radical degradation in cultures from RA  
patients, experiments were conducted in the presence o f  a free 
radical scavenger. The mean %G(0) levels o f five RA patients 
secreted IgG cultured with or without vitamin C were not 
significantly different (P > 0  70).

R elationship between % G (0 )  o f  serum and secreted  IgG  
Comparisons made in paired samples o f individual controls, 
showed that in six out o f  nine cases the serum %G(0) was 
significantly higher than that o f secreted IgG (P < 0  001) 
(Fig. 3a).

Fourteen out o f  23 RA paired samples also showed higher 
levels o f %G(0) in serum IgG compared with in vitro-secreted
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Fig. 3. Comparison o f galactosylation of serum and in vitro-socreted. 
IgG in each of nine control subjects (a); and 23 rheumatoid arthritis 
patients (b).

Ô
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Fig. 4. Serum (a) and in r/tro-secreted (b) IgG age corrected %G(0) in 
patients receiving different drug treatments: 1, no treatment or first-line 
drugs; 2, second-line drugs; 3, third-line drugs.

IgG; however, 
(Fig. 3b).

this was not significant (0-20< P < 0-30)

E ffects o f  drugs
There is no significant difference between untreated patients or 
those treated with first-line drugs and those on second-line 
drugs, with respect to the results obtained for %G(0) levels o f  
IgG isolated from serum or secreted in v itro  (Fig. A , P >  0 90 and 
P > 0 1 0 ,  respectively). The number o f  patients on major 
immunosuppressive drugs was too low to apply statistical 
analysis.

D IS C U S S IO N

Our data show that IgG produced in vitro  by B cells from a 
group o f  RA patients has a higher %G(0) compared with 
control individuals.

In individual controls, the %G(0) values for serum IgG were 
significantly higher than those for IgG secreted in vitro. 
However, although the %G(0) value for serum IgG in the 
patients was often higher than that secreted in vitro, no 
significant trend in either direction could be discerned. The 
explanation for the discordance between values for serum IgG

and that secreted in vitro  in cultures o f  RA lymphocytes is 
unclear, but the blood lymphocyte compartment represents only 
part o f  the total lymphon. For example, it is possible that B cells 
in the RA synovium could contribute disproportionately large 
amounts o f  galactose-deficient IgG to the serum. Indeed, 
slightly higher values for %G(0) have been found in the RA 
synovial fluid IgG than in the serum [7]. An alternative 
explanation might be that the quality o f serum IgG represents 
an equilibrium between secretion by different compartments 
and differential removal o f  various glyeoforms from the blood 
stream. The discrepancies may also be partially attributable to 
the fact that serum IgG molecules were synthesized some time in 
the past (the half-life o f  IgG is o f  the order o f  22 days), whereas 
the IgG secreted in our PWM-stimulated cells had been 
glycosylated over the last 7 days o f  culture.

Since monocytes from RA patients generate free radicals in 
vitro  [18], it is possible that these could damage the galactose of 
the secreted IgG. This seems unlikely since addition o f 70 fiu 
vitamin C failed to change the %G(0) o f  IgG secreted in culture. 
Free radical damage might be particularly important in the 
inflamed rheumatoid joint where frustrated phagocytosis leads 
to a great deal o f  polymorph and macrophage release of toxic 
radicals [18]. Thus, in vivo  free radicals would tend to produce 
higher %G(0) values for serum compared with in vitro  secretion 
in individual cases; however, although a slight tendency in this 
direction was noted, it did not reach statistical significance 
(0 -20< P < 0-30 ).

In any event, any contribution from free radical damage to 
raised %G(0) in vivo  is likely to be minor, since as a group, IgG 
produced in vitro  by R A  patients had reduced galactose- 
terminating oligosaccharide chains compared with healthy 
individuals. This shows that decreased galactosylation is occur
ring as a pre-secretory event in the B cells and is fully consistent 
with the decreased levels o f  galactosyltransferase enzyme in RA 
B cells [8], although we did not measure the enzyme levels in the 
specific B cells from these particular patients.

It was notable that the %G(0) values for IgG synthesized in 
vitro  by control lymphocytes showed little variation from the 
mean o f  the group, whereas the values for the RA patients 
showed an extremely wide scatter and provided further evidence 
for the view that galactosylation mechanisms are poorly 
regulated in this disease. An alternative explanation for the 
heterogeneity could be due to differences in drug regimens. 
However, we found no relationship between first- and second- 
line drug treatments and %G(0) levels in this study. We cannot 
exclude the possibility that third-line drugs have an effect on 
agalactosylation o f  IgG, since the numbers o f  patients were 
insufficient for analysis.

What actively controls galactosylation o f  IgG in B cells is 
presently unclear. Molecular evidence to date indicates that at 
least the activator gene o f  galactosyltransferase in RA lympho
cytes, although showing a degree o f polymorphism, is no 
different from that found in eontrol cells [19].

Studies on production o f  acute-phase proteins by liver cells 
have indicated that several monokines play a role in both 
induction o f  synthesis and glycosylation [20]. IL-6 has been 
shown to be active in producing increased glycosylation of the 
acute-phase protein a-1 aeid proteinase [21]. IL-6 plays a role in 
increasing the production o f  IgG by B cells [22] and elevated 
levels o f  IL-6 in the synovial joints o f  RA patients [22] might 
contribute to the aberrant regulation o f IgG glycosylation.
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Experiments are in progress to define the cellular mechan
isms leading to deficient glycosylation o f  IgG in RA B cells using 
the in vitro PWM system and inhibitors o f  cytokine activity.
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SU M M A R Y

The relationship between increased levels o f  IgG oligosaccharide chains lacking galactose (GO) and 
the development o f  rheumatoid arthritis is unclear. In order to further our understanding o f  the 
observed correlation between raised serum GO and arthritis, we have studied GO levels in arthritis- 
prone and non-susceptible (i.e. non-arthritis-prone) mice and the effects on GO o f mycobacterial 
antigens, which have been postulated to play a role in the early events leading to the development o f  
arthritis. We have shown that different age-matched mouse strains have characteristic ‘resting’ levels 
o f GO which (in six out o f seven strains o f mice) increase with age. We have also shown that these 
increases can be enhanced by immunization o f arthritis-prone strains o f  mice with an adjuvant 
containing mycobacteria (Freund’s complete adjuvant (FCA)), suggesting that deflects in the ability 
to regulate these GO changes may be related to susceptibility to arthritis.

Keywords GO autoimmunity mycobacterial antigens mice

IN T R O D U C T IO N

The percentage o f  IgG molecules lacking terminal galactose 
from the oligosaccharides on the Fc is raised in rheumatoid 
arthritis (RA) [1], and in some mycobacterial infections such as 
Crohn’s disease, tuberculosis [2] and leprosy [3]. This agalacto
syl glycoform (GO) also rises in normal human populations as a 
function o f  age [4,5].

GO has also been shown to be elevated in spontaneous and 
induced murine models o f arthritis. Thus, M RL Iprjlpr (M RL  
Ipr) mice [6,7], CBA/J mice with pristane-induced arthritis [8] 
and male DBA/1 mice with collagen-induced arthritis [9] all 
show elevated levels o f GO.

These circumstantial associations have led to the hypothesis 
that GO plays a pathogenic role in the early stages o f develop
ment o f arthritis. There is some experimental evidence for this. 
Treatments that reduce or eliminate the early rise in GO after an 
intraperitoneal injection o f  pristane result in a greatly reduced 
incidence and severity o f arthritis at 150 days [8]. More direct 
evidence has come from the recent observation that murine 
antibodies to conformational epitopes on type II collagen have 
greatly enhanced ability to initiate arthritis after enzymatic 
removal o f terminal galactose [10].

In this study we have investigated the possibility that serum 
IgG GO may act as an indicator o f  susceptibility to spontaneous 
or induced forms o f murine arthritis. We have followed GO

Correspondence: K. B. Bodman, Department of Immunology, 
University College London Medical School, Arthur Stanley House, 40- 
50 Tottenham Street, London WIP 9PG, UK.

changes with time in a number o f autoimmune-prone and non- 
autoimmune-prone strains o f mice. Since immunization with 
Freund’s complete adjuvant (FCA) alone has been shown to be 
sufficient to produce arthritis in BALB/c mice [11], we have also 
studied the role o f  mycobacterial adjuvant in increasing the 
levels o f  GO in arthritis-prone and non-susceptible strains o f 
mice.

M A T E R IA L S A N D  M E T H O D S

A nim als
Female CBA/Ca and BALB/c mice were purchased from the 
National Institute for Medical Research (Mill Hill, London, 
U K ) and male D BA /1, D BA /2 and SWR mice from Harlan- 
OLAC Ltd (Bicester, UK).

Female C57B1/6, A K R , A/J, SJL, NZW , NZB and D BA /2  
were also purchased from Harlan-OLAC Ltd and M RL + / - I -  

and M RL Ipr were bred in our animal house facility. Non-obese 
diabetic strain (N O D ) mice were obtained from the Clinical 
Research Centre (Harrow, London, UK).

Serum  collection and storage
Blood from groups o f  three untreated female CBA/Ca, NZW , 
D BA /2, M RL - f / +  , A K R , A/J, C57B1/6, NZB, D BA /1, M RL  
Ipr, SJL and N O D  mice was obtained from the retro-orbital 
sinus at 2 months o f  age and the sera stored at — 20°C for GO 
analysis.

In a separate experiment, groups o f three to five untreated 
female CBA/Ca, MRL + / 4- , M RL Ipr, NZW , NZB and male
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D B A /1 mice were bled at 2 ,3 ,4 ,5 ,6  and 8 months o f  age and the 
sera stored as above.

Immunization protocols
Groups o f  four female CBA/Ca and BALB/c mice, aged 17 and 
19 weeks respectively, were injected with 100 p\ o f  PBS or a 1:1 
emulsion o f  PBS:FCA (H37Ra strain, D ifco Labs Ltd, East 
Molesey, UK ). These mice were injected subcutaneously in the 
hind footpads (50 /rl/foot) or at the base o f the tail or 
intraperitoneally.

In a second study, groups o f 5-13 male 10-week-old D BA /1, 
DBA /2 and 9-week-old SWR mice were immmunized as above 
by subcutaneous injection into the hind footpads alone.

Sequential bleeds were taken over a period o f 7-16 months 
and the resultant sera stored at — 20°C until required.
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Fig. 1. GO levels (mean +  s.e.m.) in 12 strains of untreated mice at 2 
months o f age (n =  3 per group). Autoimmune-prone strains investi
gated were MRL Ipr, NOD, NZB, MRL -t-/-j-, SJL and DBA/1.

Immunoassay fo r  GO
The level o f  serum GO IgG was determined using modified 
immunoassays as described previously [5,12]. Briefly, 96-well 
Maxisorb-immunoplates (Life Technologies Ltd, Paisley, U K ) 
were coated with 50 jul/well protein A (Sigma Chemical Co., 
Poole, U K ) at 2-5 jUg/ml in PBS and incubated overnight at 4°C. 
The wells were aspirated and blocked with PBS-1% bovine 
serum albumin (BSA) containing 0-05% Tween 20 (PBS-TBSA) 
for 1 h at 37°C followed by three washes with PBS-Tween. 
Samples and standards with known GO levels were diluted 1:50 
in buffer consisting o f  0-1 M glycine and 0-16 m  N aCl adjusted to 
pH 8-0 with 0 1  M NaOH.

Aliquots o f  diluted sera (50 p\) were added in triplicate to 
two identical plates and incubated for 2 h at 37°C. After 
washing, 50 /rl/well PBS were added and the plates floated on a 
waterbath at 85°C for 15 min to partly denature the IgG  
molecules exposing the oligosaccharides. The biotinylated lectin 
Bandeiraea simplicifolia (Vector Labs, Bretton, U K ), containing 
0-1 mM CaCb, was diluted 1:50 (20 //g/ml) and biotinylated 
sheep P(ab')2 anti-mouse IgG (Sigma) 1:20 000 (0-05 ^g/ml) in 
PBS-TBSA and each added at 50 /rl/well to one o f  the cooled  
duplicate plates and incubated at 4°C overnight. After three 
washes, 50 jul/well o f  streptavidin-peroxidase (Dako Ltd, High 
Wycombe, U K ) was added and incubated at 37°C for 1 h. A  
colour reaction was produced using 50 /d/well 0-1 M citrate 
phosphate buffer pH 4 1  containing 0-5 mg/ml 2,2'-azino-bis(3- 
ethylbenzthiazoline-6-sulphonic acid) (Sigma) and 1:2000 hy
drogen peroxide. After 15 min the reaction was stopped with 50 
//1/well N aF  (2 mg/ml) and the plates read on an automated 
ELISA reader (Dynatech Labs, Billinghurst, U K ) at 410 nm.

The results were expressed as Bandeiraea optical density/ 
anti-IgG optical density and sample GO levels extrapolated from  
the curve o f mouse standards with known GO values (as 
determined by the biochemical method [13]) from the respective 
plates.

Statistical analysis
Mean GO levels (+ s .e .m .) were plotted for all groups o f mice. 
Simple curve fit analysis was performed on the GO values o f  the 
untreated strains o f mice with time, and analysis o f  variance 
(ANO YAR) was performed on the mean area under the curve 
for each group o f  PBS : FCA emulsion or PBS immunized mice 
over time.
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Fig. 2. Changes in GO (mean +  s.e.m.) with time in groups («=3-5) of 
seven strains of untreated mice bled between 2 and 6 (MRL Ipr) or 2 and 
8 (CBA/Ca, DBA/1, MRL + /  +  , NZW, NZB and C57B1/6) months of 
age.

R E S U L T S

GO levels in autoimmune and non-autoimmune-prone strains 
The GO levels o f serum IgG from 12 strains o f  mice at 2 months 
o f age were analysed. The mean levels o f  GO varied widely 
between strains, ranging from 20-6+1-51 to 55-2 +  2-51 (mean 
+  s.e.m.), depending on the strain o f  mouse studied (Fig. 1).

Age-related changes in GO
GO levels were analysed in serum IgG from seven strains of mice 
and plotted against age (Fig. 2). A  significant increase in the 
level o f  GO was seen in each o f  the strains studied over time, with 
the exception o f N ZB mice, in which increased levels up to 4 
months o f age, apparently followed by a decrease, were seen.

Increase o f  GO levels by FCA
Administration o f FCA resulted in a significant increase in 
serum GO compared with PBS-injected mice in the arthritis- 
prone BALB/c strain, whereas non-susceptible control groups 
o f CBA/Ca mice showed no significant difference in GO between 
PBS and FCA immunization (Fig. 3). There was no significant 
difference between route o f FCA administration over the entire 
time period studied, as determined by ANO YAR of the areas 
under the curve (Fig. 4).

In the second study, as above, the arthritis-prone DBA/1 
FCA-injected mice showed significantly higher levels of GO than 
the control PBS-injected mice throughout the investigation,
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Table 1. The areas under the curve of GO change with time for PBS or 
PBS:Freund’s complete adjuvant (FCA) emulsion-injected groups of 
mice (DBA/1 « =  5-13, DBA/2 « =  5 and SWR « =  5) are shown for early 

and late phase o f the experiment

Time (days)

Fig. 3. Changes in GO (mean +  s.e.m.) with time in groups (« =  4) o f (a) 
BALB/c and (b) CBA/Ca mice injected with PBS (O) or PBS : Freund’s 
complete adjuvant (FCA) emulsion ( • )  in the hind footpads. NS, No  
significant statistical difference.
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Fig 4. Changes in GO (mean +  s.e.m.) with time in groups (« =  4) of 
BALB/c mice injected with Freund’s complete adjuvant (FCA) subcuta
neously in the footpad (O ) or base of the tail (□) or intraperitoneally ( • ) .  
NS, No significant statistical difference.

whereas no significant difference between PBS and FCA  
immunization was seen in the non-susceptible D BA /2 strain 
(Table 1).

Groups o f  SWR mice, however, showed a significant 
difference in the first 112 days, followed by no significant 
difference in days 112-217 (Table 1).

Fluctuations in GO were seen within the first 2 months after 
immunization followed by more steady increases in both PBS- 
and FCA-injected CBA/Ca and BALB/c mice, and no arthritis 
was observed in any o f the mice under investigation.

D IS C U S S IO N

In this study we have shown that different mouse strains have 
characteristic ‘early’ levels o f serum GO which increase with age

Areas under the curve

Strain Treatment
Early 

(day 0-112)
Late 

(day 112-217)

Susceptible
DBA/1

PBS
PBS: FCA

2666-0 )  ̂
2977-6 J

3298-1 ) .  
3642-2 I

Non-susceptible
SWR

Non-susceptible
DBA/2

PBS
PBS: FCA 
PBS
PBS: FCA

3339-4)  ̂
3944-0 J

-

-

-

NS, No significant statistical difference; * significant statistical 
difference (P < 0  01) after analysis of variance (ANOVAR) of these 
areas.

and are enhanced by immunization with FCA in the arthritis- 
prone strains.

The resting level o f GO in 2-month-old mice from 12 
autoimmune-prone and non-autoimmune-prone strains varied 
widely (Fig. 1). N o  correlation with susceptibility to induced 
autoimmunity was evident, but o f  the three strains developing 
spontaneous autoimmune disease (lupus-like syndrome and an 
arthritis in M RL Ipr [14], diabetes and polyendocrine disease in 
N O D  [15,16] and haemolytic anaemia in NZB [17]), the N O D  
and MRL Ipr had far and away the highest GO values 
(55-2 +  2-52 and 44-4 +  0-8 respectively). The third strain, N ZB  
was, however, unusual, with relatively low levels o f GO at 2 
months o f  age, rapidly increasing to 55-7 +  2-48 by 4 months o f  
age (Fig. 2), concurrent with the spontaneous onset o f  their 
Coombs’ positivity [17]. The possible pathogenic role o f the GO 
antibody to band 3 o f  the erythrocyte antigen in NZB mice [18] 
is currently under study. Autoimmune-prone strains such as 
DBA/1 [19], SJL [20,21] and M RL + / +  [22] with lower resting 
levels o f  GO than M RL Ipr and N O D  mice, still develop 
autoimmune disease later in life, but this is often only after 
induction by various agents.

These findings indicate that GO alone cannot be used as an 
indication o f  the development o f autoimmune diseases in these 
strains. This is in contrast with human RA, in that early onset 
synovitis patients before developing RA, have raised levels o f  
GO compared with those individuals who do not go on to 
develop the disease, indicating a predictive value for increased 
IgG GO [23,24].

An increase in the level o f  GO in the different mouse strains 
occurred with age, closely paralleling the changes seen in human 
populations [2,3]. In this study the GO levels were only 
determined up to the age o f  8 months. It is not clear whether GO 
would continue to rise, plateau or indeed fall (as seen by the 
results o f the NZB mice). N or was it possible to study the levels 
soon after birth o f  the mice, which in man were found to be 
higher than at 25 years o f  age.

Although the heating step in the GO assay, which is essential 
to expose the Fc-associated oligosaccharides, leads to the release
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o f some IgG from protein A, there is equal loss o f  all IgG  
subclasses (T. Rademacher, personal communication). These 
age-related changes are therefore unlikely to be due to selection 
o f a specific subclass o f  IgG showing elevated GO levels and 
increasing in relative concentration with age. The elevated GO 
levels could be related to the increased spontaneous release o f  
IL-6 which occurs in ageing animals [25,26]. This cytokine is 
known to be associated with decreased galactosylation, since 
raised GO was seen in transgenic mice over-expressing the 
human IL-6 gene, and serum GO rises following injection o f  
recombinant IL-6 [12]. It is not known whether similar age- 
related increases in IL-6 release occur in man.

Some o f  the diseases in which strikingly raised GO is found, 
such as leprosy and tuberculosis, are known to be caused by 
mycobacteria [3,27]. Others such as Crohn’s disease [28] and 
sarcoidosis [29] are associated with the presence in the lesions o f  
mycobacterial genomic material in at least a percentage o f cases 
[30]. Immunization o f arthritis-prone female BALB/c and male 
DBA/1 mice with one dose o f  FCA caused a significant increase 
in the serum GO compared with those mice injected with PBS 
alone, but did not do so in two o f the control strains (female 
CBA/Ca and male D BA /2 mice) (Fig. 3 and Table 1). These data 
are in agreement with similar published observations that 
exposure to mycobacteria results in increased serum GO [31].

The control non-susceptible strain SWR showed early 
significant differences in GO between groups o f PBS and FCA- 
injected mice, but seemed to be able to correct and regulate the 
levels in the latter phase o f  the study (Table 1). This was seen to a 
lesser extent in the FCA-injected non-susceptible CBA/Ca mice, 
which although they did not develop a significant long-term  
increase in GO, showed a tendency for increased GO early after 
injection which then levelled out with time (Fig. 3). This suggests 
that the arthritis-prone mice fail to regulate the level o f GO, 
which together with another event (such as the autoantibody 
production in collagen arthritis [10]) could precipitate the 
disease.

It has been shown that DBA/1 males develop spontaneous 
arthritis at 5 months o f  age [32] and that BALB/c females 
develop histological features o f arthritis after FCA immuniza
tion at a similar time point [11]. N one o f the arthritis-prone mice 
in this study, however, showed any signs o f  development o f  
arthritis. This may be due to the fact that none o f the mice were 
immunized intradermally (the route shown to be most effective 
for the induction o f collagen arthritis [33]). Other considerations 
include the fact that the same strain o f  mice may behave 
differently in different animal facilities (as seen in the induction 
o f 16/6 idiotype lupus model in BALB/c mice [34]), the 
mycobacteria in the FCA  used in our study was H37Ra 
(different from that used in [11]), and the mice were not boosted. 
From these experiments and those reported by others, it seems 
possible that both an arthritogen and FCA are required via an 
arthritogenic route (intradermal) in order to precipitate a quick 
onset o f  arthritis and a rapid increase in GO levels, whereas, 
FCA alone intradermally produces a later onset o f arthritis [11] 
and FCA alone by other routes a slower increase in GO levels.

It is interesting that the early (day 0-40) fluctuations in 
serum GO following immunization were seen not only in BALB/ 
c and CBA/Ca mice injected with FCA, but also with PBS (Fig. 
3). This would suggest that ‘immunization stress’ alone can 
modify IgG GO. Such changes have been seen following 
immunization o f  mice with pristane [12], which the authors

suggest could be due to bursts o f  IL-6 activity. This would also 
support the idea that early events in the response to ‘arthrito- 
gens’ are critical for the course o f  the development o f  the disease. 
In this regard, it has been reported (but not explained) that RA 
is occasionally precipitated by stress [35] and that male DBA/1 
mice, if  kept in non-aggressive conditions (less than three mice 
per cage), do not develop spontaneous arthritis [36].

The role o f  GO in experimental models is unclear at present, 
but is likely to be one o f  the factors which contribute to the 
development o f arthritis [10]. Using these models, our continu
ing studies will address the question as to the site o f GO IgG 
production and its regulation by IL-6 and other cytokines at the 
cellular level.
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