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ABSTRACT

B CELL REPERTOIRE DEVELOPMENT IN NORMAL 
PHYSIOLOGY AND AUTOIMMUNE DISEASE

Åsa Andersson, Dept, for Cell and Molecular Biology, University of Umeå, 
S-901 87 Umeå, Sweden.

The B cell repertoire in the neonatal immune system (IS) is characterised by reactivity 
towards self-components, including other immunoglobulin (Ig) V-regions. These 
properties have been suggested to be a requirement for the development of a normal 
immune system. DNA sequencing of two interacting Ig idiotypes, derived from 
neonatal, preimmune mice, demonstrated that such idiotypic connectivity is germ- 
line encoded and devoid of VDJ junctional diversity. The serum levels of the same Ig 
idiotypes were studied in normal mice and demonstrated that the expression in 
serum fluctuated over time in a pattern compatible with a complex dynamic system. 
In contrast, similar analyses in autoimmune mice or hum ans dem onstrated 
fluctuations in Ig titers that differed significantly from the healthy individuals. These 
findings suggested that pathological autoimm unity may be associated with 
fundamental alterations in the dynamics of natural antibody (ab) expression. This 
was further investigated in the nonobese diabetic (NOD) mouse, an animal model for 
hum an Type I diabetes. Suppression of the early B cell development in the NOD 
mouse prevented the development of diabetes, suggesting a role for B cells/Igs in the 
developm ent of diabetes in these mice. Furthermore, neonatal injections of 
polyclonal Ig preparations or single, monoclonal natural abs inhibited disease 
induction. The prevention of diabetes development by one such natural ab was 
dem onstrated to be dependent on both the dose injected and the tim ing of 
administration. Studies of the B cell repertoire development in NOD mice, compared 
to normal mice, by DNA-sequence analyses of IgVH rearrangements utilising genes 
from the most D-proximal Vh  family, Vh 7183, supported the idea of an aberrant B 
cell repertoire in this mouse model. Thus, the adult NOD mouse retained a neonatal 
pattern of Vh 7183 rearrangements. This pattern could, however, be "normalised" by 
neonatal injection of a natural antibody, previously demonstrated to prevent the 
development of T cell dependent autoimmunity in the NOD mouse.

Keywords: B cell repertoire /  connectivity /  natural antibodies /  non-obese diabetic 
(NOD) /  Ig therapy /  Vh 7183 gene family
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IS immune system
BM bone marrow

ag antigen

Ig immunoglobulin
ab antibody
TcR T cell receptor
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SCID severe combined immunodeficiency
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APC antigen presenting cell
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ABSTRACT

B CELL REPERTOIRE DEVELOPMENT IN NORMAL PHYSIOLOGY AND 
AUTOIMMUNE DISEASE
Åsa Andersson, Dept, for Cell and Molecular Biology, University of Umeå,
S-901 87 Umeå, Sweden.

The B cell repertoire in the neonatal immune system (IS) is characterised by reactivity 
towards self-components, including other immunoglobulin (Ig) V-regions. These 
properties have been suggested to be a requirement for the development of a normal 
immune system. DNA sequencing of two interacting Ig idiotypes, derived from 
neonatal, preimmune mice, demonstrated that such idiotypic connectivity is germ-line 
encoded and devoid of VDJ junctional diversity. The serum levels of the same Ig 
idiotypes were studied in normal mice and demonstrated that the expression in serum 
fluctuated over time in a pattern compatible with a complex dynamic system. In 
contrast, similar analyses in autoimmune mice or humans demonstrated fluctuations in 
Ig titers that differed significantly from the healthy individuals. These findings 
suggested that pathological autoimmunity may be associated with fundamental 
alterations in the dynamics of natural antibody (ab) expression. This was further 
investigated in the nonobese diabetic (NOD) mouse, an animal model for human Type 
I diabetes. Suppression of the early B cell development in the NOD mouse prevented 
the development of diabetes, suggesting a role for B cells/Igs in the development of 
diabetes in these mice. Furthermore, neonatal injections of polyclonal Ig preparations 
or single, monoclonal natural abs inhibited disease induction. The prevention of 
diabetes development by one such natural ab was demonstrated to be dependent on 
both the dose injected and the timing of administration. Studies of the B cell repertoire 
development in NOD mice, compared to normal mice, by DNA-sequence analyses of 
IgVH rearrangements utilising genes from the most D-proximal Vh  family, Vh 7183, 
supported the idea of an aberrant B cell repertoire in this mouse model. Thus, the adult 
NOD mouse retained a neonatal pattern of Vh 7183 rearrangements. This pattern 
could, however, be "normalised" by neonatal injection of a natural antibody, previously 
demonstrated to prevent the development of T cell dependent autoimmunity in the 
NOD mouse.

Keywords: B cell repertoire /  connectivity /  natural antibodies /  non-obese 
diabetic (NOD) /  Ig therapy /  Vh 7183 gene family
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INTRODUCTION

A system, according to the dictionary, is a continuous entity built up from smaller 
parts. An excellent example of such a system is the part of a mouse or human being, 
among other species, that protects the organism from being invaded and damaged by 
harmful microorganisms i. e. the immune system (IS). The parts that make up the IS, 
the tissues, cells, cellsurface molecules, etc., are not put together in one distinct organ, 
but are present throughout the organism. Thus, the components of the IS are 
constituents of a bigger system, the body. The IS and its activities should, to my mind, 
therefore be looked at as an integrated part of the whole living organism. This view 
does not make the IS easier to study, but perhaps more interesting.

The role of the IS

We are continuously surrounded by infectious agents, such as bacteria, viruses, fungi, 
etc. The environmental content and the diversity of these agents are to a large extent 
dependent on where in the world we live. Many of the microorganisms strive to invade 
other organisms for their own benefits, which in many cases, leads to tissue damage 
and sometimes severe illness of the host. In vertebrates, an IS has evolved to defend the 
individual against infection.
One important property of the immune defence is adaptability. A normal IS can react 
to virtually any possible agent that may exist in the universe. Moreover, the IS 
possesses a mechanism, the immunological memory, which remembers what agents it 
has encountered previously. The immunological memory was detected as early as 430 
B.C. by Thucydides who noted that those who had recovered from the plague were 
protected from getting the disease again.

The organisation of the IS

In order to achieve immunity (from the Latin word immunitas; freedom from) to 
whatever microbe, several organs, tissues, and cells have developed to be parts of the 
IS. The primary lymphoid organs, the bone marrow (BM) and the thymus, are the sites 
for production and maturation of the cells belonging to the IS. The spleen, lymph 
nodes (LN), the intestinal Payers patches, adenoids, tonsils, and the appendix 
constitute the secondary lymphoid organs. These organs, together with the lymphoid 
tissue that is lining the mucosal surfaces, are scattered throughout the body and are 
interconnected through a network of lymphatic vessels and the bloodstream.
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The first barrier an infectious agent has to fight is the skin and the surfaces on the 
inside of the body. These surfaces are covered with mucus and cilia or are already 
populated by the normal bacterial microflora. Such physiochemical barriers, together 
with the cells and molecules of the nonspecific IS, are believed to constitute the first 
lines of immune defence.
Foreign substances eventually end up in the secondary lymphoid organs where they 
are encountered by the cells of the lymphoid system. Here, activities resulting in the 
development of immunity are initiated. The cells that are responsible for those 
activities can be divided into two main compartments; the cells belonging to the 
specific IS, which are the B and T lymphocytes, and the cells of the nonspecific IS. The 
mature lymphocytes circulate within the blood and pass through the different 
lymphoid organs, thereafter they follow the lymphatic vessels back to the blood 
(reviewed in, Duijvestijn and Hamann, 1989, Yednock and Rosen, 1989). This 
circulation makes it possible for a large number of different lymphocytes to be exposed 
to foreign substances, antigens (ag).

The nonspecific IS

The hallmark of the non-specific IS is that it is innate and nonadaptive and that it 
attacks invaders indiscriminately. The effector cells are phagocytes (macrophages and 
neutrophils), basophils, eosinophils, mast cells (important to fight parasites), and 
natural killer (NK) cells. Macrophages are found throughout the body and act as filters 
that phagocytose substances present in the body fluids. These cells are important 
mediators in the establishment of specific immunity since the ags taken up are 
processed intracellularily and are subsequently presented to the cells of the specific IS 
for recognition (Benacerraf, 1978).
Other components of the nonspecific immune defence are molecules such as the 
proteins belonging to the complement system (reviewed in Frank and Fries, 1989).

The specific IS

One feature of the non-specific IS is the quick mobilisation of the defence. Within a few 
minutes, the first cells (neutrophils) arrive to the site of infection (Osborn, 1990). In 
contrast, the specific immune defence is comparatively slow. It takes several days to 
mount a specific immune response towards an ag. This immune response will, 
however, induce a state of memory in the system, which results in a more rapid and 
vigorous reaction the next time the same ag is encountered (reviewed in Kincade and 
Gimble, 1989).
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The specific immune responses are normally divided into two classes: the humoral 
immune response and the cellmediated immune response. The cells responsible for the 
humoral immunity, the B lymphocytes, exert their effector mechanisms through 
molecules secreted by the cells. These molecules are designated immunoglobulins (Igs) 
or antibodies (abs). On a resting B cell, the Ig molecules are present as receptors on the 
membrane, but when activated, the B cell differentiates into a plasma cell that secretes 
the Igs.
The T cell receptor (TcR) (Marrack and Kappler, 1987), which is present on the T 
lymphocyte, is the key molecule in cellmediated immunity. This molecule is always 
present on the cell surface and never secreted, even when the T cell is activated.

The discovery of humoral immunity was made about one hundred years ago when 
von Behring experienced that serum from animals that had recovered from diphtheria 
could transfer immunity to naive animals. The active components of the serum in the 
protection were called antitoxins since the harmful substances produced by the 
bacteria were called toxins. Later, the antitoxins were named antibodies.
In the middle of this century, Landsteiner and others found that immune reactivities to 
certain agents could be transferred only with cells and not with serum. This finding, 
together with the discovery of phagocytosis, made by Metchnikoff in the end of 1800, 
established the concept of cellular immunity (Silverstein, 1989).

Development of the I S

The development of the IS starts in the embryonic yolk sac and continues in the fetal 
liver. In the mouse, after day 15 of gestation, hematopoiesis takes place in the foetal 
spleen and BM. After birth, the major site for production of hematopoietic cells is the 
BM (Moore and Owen, 1967).
All lymphoid and myeloid cells are the progeny of hematopoietic stem cells (HSCs) 
(Micklem, et al., 1966, Abramson, et al., 1977, Keller, et al., 1985, Lemischka, et al.,
1986). Two wellknown characteristics of the HSCs are self renewal and repopulation of 
the hemopoietic compartment. It is not clear, however, whether these characteristics 
are intrinsic properties of one particular stem cell or whether different stem cells, 
influenced by the microenvironment, cooperate to be the progenitors of the 
lymphocytes, macrophages, eosinophils, etc. (reviewed in, Spangrude, et al., 1991).
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Requirements for developing a specific IS

The differentiation of B cells continues in the BM throughout life. Each day, 
approximately 5 x 10? B cells are generated and of those, 2-3 x 10^ are exported via the 
blood to the peripheral lymphoid organs (Opstelten and Osmond, 1983). A model for 
the organisation of B lymphocyte genesis in the BM, proposed by Osmond et. al., 
suggests that the most immature cells are located close to the bone and endosteum. 
During the differentiation process, the emerging B cells move gradually towards the 
centre of the BM and leave via the central sinus (Jacobsen and Osmond, 1990). Since 
not all of the B cells produced that are B lineage committed actually leave the BM, there 
is a loss of cells within the BM during this process (Opstelten and Osmond, 1983, 
Deenen, et al., 1990).
The establishment of the Whitlock - Witte long-term culture system has made it 
possible to study B cell development in vitro and has revealed the importance of BM 
stromal cells to accomplish maturation of B progenitors (Whitlock and Witte, 1982). It 
is believed that the maturing B cells make multiple molecular contacts with the stromal 
reticular cells present in the BM. Such physical interactions, together with the 
contribution of certain growth factors, in particular IL-7, produced by the stromal cells, 
seem to be a prerequisite for the B cell progenitors to proliferate and differentiate into 
mature B cells (Dorshkind, 1990).

The differentiation of T lymphocytes occurs primarily in the thymus, even though 
there is some evidence that other organs, such as the gut epithelium, could be a site for 
T cell maturation (Guy-Grand, et al., 1991, Rocha, et al., 1991). However, as already 
mentioned, the precursor cells originate in the BM and migrate to the thymus. It is not 
clear if those stem cells are already committed to the T cell lineage or if they could also 
give rise to B cells or myeloid cells.
Similar to the BM in the development of B cells, the thymic environment is essential for 
the maturation of functional T cells. The thymic lobulum can be divided into two major 
parts, the cortex and the medulla. The cortex consists of epithelial cells with long, 
branched processes, together with numerous lymphocytes and some macrophages. In 
the medullary region, the epithelial cells are morphologically different from those 
found in the cortex and BM derived dentritic cells are also present (reviewed in, 
Butcher and Weissman, 1989).
After the precursor cells have entered the thymus, subsequent differentiation is 
dependent on the thymic stromal cells and the different growth factors produced by 
the latter (Doi, et al., 1991, Gutierrez and Palacios, 1991). There seems to be a mutual 
dependence between the developing T cells and the thymic epithelium since in SCID 
mice that are not capable of producing functional TcR+ cells, the thymus is deficient in
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epithelial cells (Shores, et al., 1991). Introduction of any TcR expressing cells in these 
mice results in a normal epithelium.

Why a specific IS?

The basis for specificity in the IS is the presence of receptors on B and T lymphocytes, 
which specifically recognise certain molecular structures. The ability to specifically 
recognise any ag is due to mechanisms creating diversity in the IS, i. e. to make a 
diverse set of receptors. The Ig and TcR molecules are structurally related and belong 
to the Ig gene superfamily (Williams and Barclay, 1988), which also comprises other 
cell surface molecules im portant for immune recognition (Springer, 1990). 
Invertebrates do not possess a specific IS, but since these organisms are doing quite 
well without the specific immune defence, one issue of evolutionary thought is why 
vertebrates have developed a specific IS. In any defence system, the discrimination 
between self and nonself is of great importance. Thus, a traditional view of an 
adaptive, specific IS is that this system evolved to destroy viruses and bacteria 
(nonself), while remaining harmless to the host organism (self). On the other hand, 
there are ideas that suggest an additional function for the specific IS, which is more 
focused on self recognition (Stewart, 1992). Thus, interactions including self structures 
would have evolved to be a part of the homeostasis and normal physiology of the 
organism's internal environment (Coutinho, 1989, Varela and Coutinho, 1991). The 
existence of activities within the IS, regardless of external agents, is exemplified by 
"antigen-free” mice. Such mice, that are kept under strict ag-free conditions, maintain 
almost as high numbers of activated cells as mice that are brought up under normal 
conditions (Hooijkaas, et al., 1984, Pereira, et al., 1986).

The Ig molecule

An antibody (ab) molecule is built up of four polypeptide chains, two identical heavy 
chains and two identical light chains, which are referred to by their respective 
molecular weights. Heavy and light chain genes are located on different chromosomes. 
The polypeptide chains are held together by disulphide and noncovalent bonds to 
form a complete Ig molecule. The membrane form of the ab is associated with the 
recently described proteins IgM-a and Ig—ß, products of the genes denoted mb-1 and 
B-29, respectively (Sakaguchi, et al., 1988, Hombach, et al., 1990). These polypeptides 
are involved in the signalling through the ag receptor. At the N-terminal part of the 
heavy and light chains of the antibody protein the variable region is found, which 
constitutes the diverse part of the ab. This region confers specificity to a particular Ig,
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and constitutes the part that is involved in the interaction with ag. The C-terminal part, 
the constant region of the heavy chain, carries the effector functions of the molecule. 
Determinations of the amino acid composition of the variable parts of the heavy and 
light chains have revealed three regions in the polypeptides that show a higher degree 
of variability than the remaining parts. These regions are called hypervariable regions 
or complementarity determining regions (CDRs) and constitute the ag contacting sites. 
The intervening sequences are termed framework regions (FRs) (Wu and Kabat, 1970, 
Kabat and Wu, 1971).

There are structures in the constant part of the Ig molecule that contribute to the action 
of the B cell/Ig in terms of activation of complement, interactions with other effector 
cells, and compartmentalisation of Igs. The different classes of ab heavy chain constant 
regions are called isotypes, and in the mouse, the different isotypes are denoted IgM, 
IgD, IgG, IgA, and IgE. The secreted forms of IgM and IgA are pentamers and dimers, 
respectively, whereas the other isotypes, and the membrane-bound forms of the abs, 
are monomers. The first Ig class to be expressed in development is IgM (Vitetta and 
Uhr, 1975).
The light chain has only two isotypes, k  and X. In mouse, the k  chain is approximately 
10 times more frequent than the X chain, whereas in man, both types are utilised to the 
same degree.

Creating diversity in the IS

During the development in the BM, the cells committed to the B cell lineage go through 
a transition from a pro-B cell to a mature B cell. The differentiation is accompanied by a 
sequential expression of Ig genes and cell surface molecules. The most immature cell, 
the pro-B cell, does not express Ig genes, but is committed to the B cell lineage (Fulop 
and Phillips, 1989, Rolink and Melchers, 1991). This cell differentiates into a pre-B cell, 
which is characterised by the expression of C|i together with the pseudo light chains, 
A5 and VpreB, on the cell surface (Sakaguchi and Melchers, 1986, Kudo and Melchers, 
1987). In fact, recent studies have demonstrated that the expression of A5 is required for 
the pre-B cell to progress into the subsequent stages of B cell development (Kitamura,
1992). The pre-B cell also expresses a number of cell surface molecules, which are 
important in the characterisation of the different stages in B cell differentiation 
(Coffman, 1982, Cooper, et al., 1986, Spangrude, et al., 1988). The B cell development 
up to the pre-B cell stage is stromal cell dependent and antigen independent (Hayashi, 
et al., 1990). Conversely, the steps subsequent to the preB cell, leading to a mature B
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cell and eventually an Ig secreting plasma cell, are antigen dependent and stromal 
independent since most of the late maturation occurs in the periphery.

B lymphopoiesis is the process when the B cells acquire ag specificity and when the 
large diversity of the ab repertoire is created. During the 20th century, the efforts in 
trying to understand the mechanisms behind the formation of abs and the ab repertoire 
gave rise to a number of theories that were prevailing for decades. In the beginning of 
the century, Ehrlich proposed his "side-chain" theory, suggesting that the abs were 
always present on the cells as receptors and were selected for by the ag, which would 
lead to an increased production of abs. Later, when it was understood that the IS could 
also mount an ab response against newly synthesised, artificial chemicals, the view 
switched to the ”instruction theory". This theory claimed that the ag could somehow 
guide the formation of a specific ab by instructing the protein-synthesis machinery. The 
shortcomings of this hypothesis became clear when it was realised that ab production 
could persist even in the absence of ag (Silverstein, 1989).
In the 1970s, Tonegawa and coworkers demonstrated that variability among Igs is 
accomplished by the recombination of gene segments at the Ig heavy or light chain 
gene loci (Hozumi and Tonegawa, 1976, Bernard, et al., 1978, Seidman and Leder, 
1978). The genes coding for the heavy chain variable region (V genes) are located at the 
5' part of the Ig gene locus, and to make up an Ig variable domain, three different gene 
segments, V (variable), D (diversity), and J (junctional), are placed into a transcriptional 
unit during the recombination process. In the mouse, the number of V h  genes are 
estimated to be at least 100 (Brodeur and Riblet, 1984), whereas the numbers of D and 
JH gene segments are 12 (Kurosawa, et al., 1981) and 4 (Sakano, et al., 1980).
3' of the V genes, the C-region genes are located. The genes for the heavy chain C 
regions (Ch) of different isotypes are arranged in a tandem array, and each CH-region 
gene consists of three to four exons (Tucker, et al., 1979, Calarne, et al., 1980). The light 
chain variable and constant genes are similarly organised, but the light chain variable 
part is generated from V and J genes only. The k  locus consists of 100-300 Vk and 5 J k  

gene segments (Sakano, et al., 1979, Cory, et al., 1981), whereas the X locus has only 2 
VX and 4 JX genes (Blomberg, et al., 1981, Seising, et al., 1989).

VH genes are about 300 base pairs (bp) long and are separated from each other by 
varying distances. Based upon the homology between the different genes, 14 Vh  gene 
families have been defined in the mouse (Blankenstein, et al., 1984, Brodeur and Riblet, 
1984, Dildrop, 1984,Winter, et al., 1985, Livant, et al., 1986, Reininger, et al., 1987, 
Kofler, 1988, Pennell, et al., 1989, Tutter, et al., 1991). The Vh  gene families are 
organised into overlapping gene-clusters on the chromosome (Blankenstein and 
Krawinkel, 1987, Krawinkel, et al., 1989).
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VYD)/ recombination

During recombination of the heavy chain variable genes, the first event to occur is the 
juxtapositioning of a D gene segment to a Jh  gene segment. This initial step in the 
rearrangement process, which is carried out at the pre-B cell stage, appears to take 
place on both alleles simultaneously (Alt, et al., 1987). After the DJh rearrangement, a 
V h  gene is recombined to the 5' side of the DJh unit. Only 40% of the V h to DJh 
rearrangements occur on both alleles, but in these cases only one rearrangement is 
functional (Alt, et al., 1984). Nonproductive rearrangements of the Ig V genes, due to 
deletions, insertions, or mutations of nucleotides, result in the recombination of V 
genes on the nonrearranged allele. Conversely, a productive V(D)J rearrangement 
inhibits further recombination. This mechanism for making the cell express only one 
type of receptor specificity is termed allelic exclusion (Perry, et al., 1980, Coleclough, et 
al., 1981).
Due to splicing of the primary RNA transcript, a VDJh-C|I translational unit is created. 
The light chain variable genes are subsequently recombined and joined to the k or X 
light chain constant genes in the same way as for the heavy chain (Coffman and 
Weissman, 1983).

The mechanism of Ig gene recombination is thought to be carried out by a common 
V(D)J recombinase (Forster, et al., 1980, Kurosawa, et al., 1981, Cook and Balaton,
1987). Recently, two genes that activate the recombinase machinery, the recombination 
activating genes, RAG-1 and RAG-2, were isolated (Oettinger, et al., 1990). Transcripts 
of RAG-1 and RAG-2 have been found only in pre-B and pre-T cell lines (Schatz, et al., 
1989, Oettinger, et al., 1990) and in line with this, V(D)J-recombinase activity is only 
found in pre-B or pre-T cells (Lieber, et al., 1987, Desiderio and Wolff, 1988). 
Mechanistically, the recombination process is carried out by a recombination signal 
sequence (RSS). The RSS consists of a conserved hep tamer and nonamer sequence, 
separated by a spacer of either 12 or 23 nucleotides, directly adjacent to the coding 
element. All gene segments of one kind (V, D, or J) are flanked by the same type of 
joining signal. To obtain efficient joining, the two juxtaposed segments require signals 
of different spacer length (Tonegawa, 1983).
In V(D)J recombination, coding joints are very often imprecise. Nucleotides are 
removed from the coding ends (nibbling) and new nucleotides are inserted, which 
increases the diversity of the Ig molecules (Tonegawa, 1983). Insertion of sequences, 
normally between 1 and 10 nucleotides long and denoted N-sequences, are made by 
the enzyme terminal deoxynucleotidyl transferase (TdT) (Alt and Baltimore, 1982, 
Desiderio, et al., 1984). This enzyme is expressed mainly in the early stages of 
lymphocyte development, where V(D)J recombination occurs (Landau, et al., 1987).
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B lymphocyte subsets

Conventional B cells

Mature B lymphocytes in peripheral lymphoid tissues are immunocompetent cells that 
if they are encountered by the appropriate ag can differentiate into effector cells. There 
are two different types of ags that activate B cells; thymus-dependent (TD) and 
thymus-independent (TI) ags. As the term implies, TI ag-induced responses do not 
require T cell help and are represented by polyclonal B cell activators, such as 
lipopolysaccharide (LPS), which activates B cells regardless of Ig receptor specificity 
(Coutinho and Möller, 1974). Recognition by a B cell of a protein-ag may lead to 
engulfment of the ag by endocytosis. As described above, the ag is then processed and 
presented in association with a class II MHC molecule to specific Th  cells (Chestnut 
and Grey, 1981, Rock, et al., 1984, Lanzavecchia, 1985). Thus, the TD response involves 
Th  cells that, by recognition of the presented ag, produce cytokines that, in turn, 
induce proliferation and differentiation of the ag specific B cells (Hirano, et al., 1986, 
Kinashi, et al., 1986, Lee, et al., 1986, Noma, et al., 1986). The activated B lymphocytes 
subsequently differentiate into ab-secreting plasma cells. A primary immune response 
leads to the production of abs, primarily of IgM type. A second encounter with the 
same ag leads to a much more rapid and enhanced response, which is characterised by 
isotype switching mainly to the IgG class on the heavy chain (Nossal, et al., 1964, 
Kataoka, et al., 1980, Radbruch, et al., 1986). Another characteristic of the secondary 
response is affinity maturation. This phenomenon is a result of nucleotide exchange in 
the CDRs of Ig genes leading to the expression of specific Ig with increased affinity for 
the ag. Hitherto, this genetic process has, at least in the mouse, been believed to be 
solely the result of somatic point mutations of the expressed genes (Brenner and 
Milstein, 1966, Weigert, et al., 1970). Other mechanisms, such as gene conversion, have, 
however, also been suggested to contribute to this increased Ig-diversity (Krawinkel, et 
al., 1983, Clarke and Rudikoff, 1984, Cumano and Rajewsky, 1986, Carlsson, et al.,
1993).

B-l cells

In addition to the conventional B lymphocytes, found primarily in the spleen and 
lymph nodes, there exists in both mice and humans a subset of B cells, referred to as 
the Ly-1+ (CD5+) or B-l cells (in contrast to the conventional B cells that are now 
denoted B-2 cells (Kantor, 1991)). The B-l cells were originally discovered as a 
population of B cells expressing the pan-T cell surface marker Ly-1 and were 
demonstrated to be enriched in the peritoneal cavity (Manohar, et al., 1982, Hayakawa,
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et al., 1983). This subset of B cells are thought to be the producers of the majority of the 
naturally secreted IgMs present in the serum (Hayakawa, et al., 1984, Förster and 
Rajewsky, 1987).
Whereas conventional B cells are continuously produced from precursors in the BM, 
the B-l cells are self-replenishing (Hayakawa, et al., 1985, Hayakawa, et al., 1986). 
Transfer experiments have revealed that foetal liver cells injected into lethally 
irradiated mice or SCID mice (Hayakawa, et al., 1986) can give rise to both B-l and B-2 
cells, whereas BM transferred from adult mice can not reconstitute the B-l lineage 
(Kantor, et al., 1992, Hardy and Hayakawa, 1991, Solvason, et al., 1991). Thus, the 
precursors for B-l cells have been suggested to appear early in ontogeny, and since 
these cells are self-renewing, features of the neonatal B cell repertoire, such as 
autoreactivity and a limited receptor gene variability, can still be observed in this 
population later in life (Mercolino, et al., 1988, Pennell, et al., 1989, Hayakawa, et al., 
1990, Gu, et al., 1990). In the B-l compartment, there is a bias in the Ig repertoire 
towards certain ags, in particular phosphatidyl cholin (Mercolino, et al., 1988) and 
bromelain treated mouse red blood cells (Hayakawa, et al., 1984, Bishop and 
Haughton, 1985).
The origin of the B-l cell is controversial. On the one hand, there is evidence that B-2 
(conventional) and B-l cells are derived from two separate stem cell lineages. Foetal 
omentum can, for example, reconstitute B-l cells, but can not reconstitute conventional 
B cells (Solvason, et al., 1991). In addition, it was recently demonstrated that embryonic 
splanchnopleura grafted into SCID mice gave rise to B-l lymphocytes only (Godin, et 
al., 1993). On the other hand, it has been reported that normal, splenic B cells could be 
induced to express the Ly-1 marker if cultured in the presence of anti-IgM abs and IL-6, 
indicating that the B-l phenotype is acquired during development, and that the two 
lymphocyte subsets are derived from a common differentiation lineage (Cong, et al., 
1991).

The T cell receptor

For some time, it was thought that T lymphocytes, like B cells, had Ig molecules on 
their surface as ag receptors. However, when the T cell receptor (TcR) was cloned, it 
was shown to be composed of a heterodimer consisting of two polypeptide chains, a  
and ß, which are encoded by distinct genes and which like the Ig molecule are built up 
of a constant and a variable part (Hedrick, et al., 1984, Yanagi, et al., 1984). On the cell 
surface of the T lymphocyte, the TcR is associated with at least 5 polypeptide chains 
referred to as the CD3 complex (Samelson, et al., 1985). The proteins in this complex, of
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which at least three of the polypeptides belong to the Ig gene super family, are 
essential for the signalling through the TcR (Clevers, et al., 1988).
The majority of the T cells present in the thymus and in peripheral lymphoid organs 
carries an aß  receptor. A subset of T lymphocytes, however, express a receptor 
composed of the y and 8 chains (Brenner, et al., 1986, Bank, et al., 1986). These cells are 
the first to appear in the thymus during fetal life and are later migrating to somewhat 
sequestered sites in the body, such as the skin and intestinal epithelium (Koning, et al., 
1987, Kuziel, et al., 1987, Bonneville, et al., 1988, Goodman and LeFrancois, 1988, 
Itohara, et al., 1990).
The genes encoding the different TcRs are organised in a similar way as the Ig genes 
(Davis and Bjorkman, 1988). For the ß chain, in the mouse, there are about 25 V-, 2 D-, 
and 12 J genes. The a  chain, on the other hand, could be encoded by approximately 100 
Va genes and 50 Ja genes. The genes encoding the variable parts of the y and 8 chains 
are comparatively few, and similar to the a  chain, the y locus has no D segments.
The diversity that could be created in the different TcRs is suggested to be greater than 
for Igs. The reasons for this is that the Ig light chain variable genes do not contain any 
N-sequences (Alt and Baltimore, 1982), the TcR a  and ß loci have a much larger 
number of J segments, and equal utilisation of the three different reading frames (RF) 
in the translation of the TcR Dß and D8 segments (Goverman, et al., 1985) which is not 
observed in the translation of Ig genes (Meek, 1990). Furthermore, the 8 chains can 
utilise both D regions simultaneously, which creates additional sites for the insertion of 
N-sequences (Chien, et al., 1987).

Mechanisms of recognition

B and T lymphocytes are the effector cells in the humoral and cell-mediated immune 
responses, respectively. The denominations humoral and cell-mediated indicate how 
the two components were discovered and the difference in the requirements for ag 
recognition. Thus, Igs, either membrane-bound or secreted, recognise free ags in 
solution. An ag is any kind of molecule, but to initiate an immune response, i. e. to be 
immunogenic, the ag molecule has to reach a certain size. The site on a molecule that is 
recognised by a certain ab is called an epitope (Jerne, 1974), and most ags contain 
several epitopes.

The term "cellmediated" implies that cell-cell contact is required in order to mediate an 
immune response. Interactions between T lymphocytes and their accessory cells could 
be seen as the base of the immune response since most of the humoral responses are 
dependent on T cell activation (Rajewsky, et al., 1969, Mitchison, 1971, Katz, et al.,
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1973). Moreover, direct effector functions, such as killing of target cells by cytotoxic T 
lymphocytes, are accomplished through direct cell-cell contact. The key molecules in 
the cellmediated immune reaction are the TcR and the class I and class II molecules, 
encoded for by the genes in the major histocompatibility complex (MHC).

The major histocompatibility complex (MHC)

The MHC gene locus (termed H-2 in the mouse and HLA in man) harbours a number 
of genes encoding cell surface molecules expressed on a great variety of somatic cells. 
Transplantation experiments first revealed the importance of this gene locus in graft 
rejection, but later it was shown also to play a key role in the mounting of immune 
responses (Gorer, 1936, McDevitt and Sela, 1965, Rosenthal and Shevach, 1973, Le 
Meur, et al., 1985).
The genes of the MHC are highly polymorphic, and the total set of MHC alleles make 
up the MHC haplotype. Within the mouse MHC gene locus, the genes coding for the 
class I molecules, K, D, and L, are clustered in two regions, which flank the I region 
containing the genes for the class II molecules, I-A and I-E. The genes encoding for 
certain lymphokines and for proteins belonging to the complement system are located 
among the class I and class II genes. In addition, it was recently demonstrated that 
genes coding for proteins involved in transport of peptides (Tap-1 and Tap-2 ) and 
proteolysis (LMP antigens) that are associated with ag processing and presentation 
map in the MHC class II region (Monaco, et al., 1990, Brown, et al., 1991).
The class I molecule is present on all nucleated cells. It consists of an a chain, divided 
into three domains (al - a3), a transmembrane region, and a cytoplasmic region. 
Noncovalently associated with the a3 domain is a non-MHC encoded polypeptide 
chain, ß2 microglobulin. The class II molecule is made up of an a and a ß chain, both 
consisting of two extracellular domains (al, a2, ßl, ß2), a transmembrane region, and 
an intracellular part. In contrast to the class I molecule, class II proteins are only 
expressed on a few cell types, including B cells and macrophages.

T lymphocyte subsets

CD4+ cells

The TcR aß expressing compartment consists of two major types of T cells, the T helper 
(Th ) and the cytotoxic T lymphocytes (CTL). The majority of the Th  cells express the 
membrane protein CD4, which is an important mediator of the activation signal in 
cooperation with the CD3 complex (Rudd, et al., 1988, Veilette, et al., 1988). The major
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effector function of the Th  cell is the secretion of cytokines upon activation. The 
cytokines act, as already mentioned, on B cells, but, as importantly, cytokines also 
activate other T cells and macrophages (reviewed in Gillis, 1989).
Activation of a Th  cell induces transcription of the genes for IL-2, the IL-2 receptor, as 
well as other cytokines. The second step, which is the proliferation of the activated cell, 
is mediated primarily by an autocrine stimulation of growth by IL-2 (Meuer, et al., 
1984).
Th  cells could be further classified as either the Th I or Th 2 type. The characteristics of 
the two Th  types are the effector functions in terms of lymphokine production. Thus, 
Th I cells produce IL-2, IFN-y, TNF-a, and ß, whereas the Th 2 cells secrete IL-4, 5, 6, 
10, and 1 (Mosmann and Coffman, 1989).

CD8+ cells

CTLs similarly express a cell surface marker, CD8, characteristic of the CTL phenotype. 
The primary task of the CTL is to kill, by cell-cell contact, virus infected cells. The 
CD8+ cell, which is rather immature when exported from the thymus, requires, in 
addition to interaction with MHC+ag, cytokines delivered from CD4+ cells to become 
activated. This implies that activated Th  cells also have to be present for CTL-mediated 
immune reactions.
The actual killing of the target cell is mediated by pore-forming enzymes present in 
specific membrane-bound granules in the CTL. Upon interaction with the target cell, 
these proteins are delivered and the target cell is killed by lysis (reviewed in Tschopp 
and Nabholz, 1990). In addition, it has been reported that CTLs induce apoptosis in the 
target cells (Martz and Howell, 1989).

TcR yô+ cells

The first thymocytes to mature are not committed to the TcR aß+ lineage but belong to 
the set of T lymphocytes expressing the y8 TcR (Bank, et al., 1986, Brenner, et al., 1986). 
TcR y8+ cells appear in the thymus by day 14 of gestation, whereas aß+ receptors are 
not expressed until two days later (Bluestone, et al., 1987, Nakanishi, et al., 1987, 
Pardoll, et al., 1987). Early in ontogeny the expressed TcR repertoire of the y8 lineage is 
extremely restricted. The first mature y8+ cells express Vy3 - JCyl rearrangements that 
are almost entirely identical among the different lymphocytes (Garman, et al., 1986, 
Heilig and Tonegawa, 1986. Havran and Allison, 1988, Houlden, et al., 1988). This set 
of y8+ cells migrates preferentially to the skin of the mouse (Havran and Allison, 1988). 
The subsequent development of the y8+ population, which concerns expression of V 
genes and migration patterns, occurs in waves. The next wave of y8+ cells utilises Vy4
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and migrates to the reproductive tract (Itohara, et al., 1990). Later in ontogeny, the 
rearrangements of the y and 8 gene loci become more diverse, displaying extensive 
junctional diversity (reviewed in Raulet, et al., 1991).
Except for the skin and the reproductive tract, the intraepithelial region of the gut, the 
lungs, and the tongue are major sites for the TcR y8+ cells. In nude mice, which lack a 
functional thymus, the gut epithelia has also been found to contain yS+ cells suggesting 
that there might exist an extrathymic site for the development of the y8 cells (Carding, 
et al., 1990).
The function of the y8 subset is not known at present. Studies of the reactivity patterns 
of y8+ cells from different anatomical locations have revealed that this cellular subset 
recognises a variety of antigens (Vidovic', et al., 1989, Bonneville, et al., 1989, Janis, et 
al., 1989, Bom, et al., 1990, Havran, et al., 1991).

MHC-restriction

In the 1970's, the concept of self-MHC restriction was established. Experiments 
demonstrated that CD8+ CTLs can only kill virus infected target cells if they express 
self class I molecules. Similarly, CD4+ Th  cells recognise ags only if they are presented 
by self class II molecules on APCs (Zinkernagel and Doherty, 1974, Katz, et al., 1975, 
Bevan, 1977, Zinkernagel, et al., 1978). More recently, it has been shown that the CD4 
and CD8 molecules are involved in this process. Thus, it was demonstrated that CD8 
binds to the a3 region of the class IMHC, whereas CD4 binds to class IIMHC and that 
the interaction between the TcR complex and MHC+ag together with the cross-linking 
of CD4 or CD8 enhances T cell activation (Salter, et al., 1990, Fleury, et al., 1991). Other 
cell-surface accessory molecules, such as CD2/LFA-3, LFA-l/ICAM-1, present on the 
Th  cell/APC, respectively, are involved in mediating the cell-cell interaction (Springer,
1990).

Antigen processing and presentation

Ags are presented in the form of fragments associated to class I or class II molecules. 
Thus, before a protein-ag can be presented, it has to be proteolytically processed inside 
the cell (Ziegler and Unanue, 1981, Chestnut, et al., 1982, Ziegler and Unanue, 1982, 
Shimonkewitz, et al., 1983, Shimonkewitz, et al., 1984). Whether the remaining peptide 
is presented by a class I or class II molecule depends on the route with which the APC 
has encountered the ag. Foreign molecules, such as viral nucleoproteins, that are 
synthesised endogenously are presented in association with class I MHC (Townsend
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and Bodmer, 1989). The association between MHC class I, ß2 microglubulin, and a 
peptide takes place in the endoplasmic reticulum, and the trimolecular complex is then 
transported to the cell surface in exocytic vesicles (Townsend, et al., 1989). Exogenous 
proteins, engulfed by endocytosis, are on the other hand, presented mainly by class II 
molecules (Shimonkewitz, et al., 1983). The class II molecule and the peptide are 
complexed within endosomes that subsequently fuse with the plasma membrane 
(Lotteau, et al., 1990).

In 1987, the structure of a human class I molecule, determ ined by X-ray 
chrystallography, was reported (Bjorkman, et al., 1987). These analyses revealed an ag- 
binding groove in the aminoterminal end of the protein, composed of a ß-pleated sheet 
platform supporting two a-helices. The peptide-binding part of the molecule is 
generated from polymorphic amino acid residues (Bjorkman, et al., 1987), indicating 
that the polymorphism seen in the MHC genes creates variability in the pattern of 
peptide-binding among allelic forms of MHC class I. Likewise, some polymorphic 
amino acids point upwards from the a-helices, forming the "walls" of the cleft, and 
may be contact residues for the TcR. The size of the peptide-binding cleft suggested 
that peptides must be of a certain length to be able to bind. Indeed, it has been 
demonstrated recently that class I-binding peptides are very uniform in length, 9±1 
amino acids (Rötzschke, et al., 1990, Van Bleek and Nathenson, 1990).
As revealed from molecular modelling studies, MHC Class II molecules have been 
suggested to have a similar structure as the class I molecule (Brown, et al., 1988). 
Recently, peptides bound to class II MHC molecules have also been isolated and 
characterised. In this case the peptides were more heterogeneous in size; 13-25 amino 
acids in length (Rudensky, et al., 1991, Chicz, et al., 1992).

Development of lymphocyte repertoires

Development and selection of the B cell repertoire

The B lymphocyte repertoire could be defined on three different levels (Vaz, et al.,
1984). The potential Ig repertoire is the number of V-regions that could possibly be 
created by germ-line genes and additional mechanisms generating diversity. This 
repertoire is much larger than the number of Ig specificities that are present in the IS at 
any given time, i. e. the available repertoire. Included in the available repertoire are 
also Igs expressed by B cells in a resting state. At the effector cell stage is the actual Ig 
repertoire, comprising the Igs that are actually secreted by plasma cells.
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The potential repertoire has been estimated to be made up of approximately 10^ 
different V-regions (Tonegawa, 1983, Berek, et al., 1985), a number that is reduced to 
106 in the actual repertoire (Coutinho, et al., 1984). Due to the constant turnover of 
lymphocytes, the repertoires are continuously changing. Thus, there must exist 
mechanisms that decide what Ig specificities that subsequently will be present in the 
available and actual repertoires.
During ontogeny, V h  genes are expressed in a nonrandom fashion, such that those 
genes that are located proximal to the D segments are preferentially utilised early in 
life (Yancopoulos, et al., 1984, Perlmutter, et al., 1985, Lawler, et al., 1987). This pattern 
of V h  gene usage changes in the adult mouse, and the V h  gene utilisation becomes 
more proportional to the size of the respective VH-family (Dildrop, et al., 1985). The 
bias in utilisation of V h genes in the young individual has been suggested to be a 
result of chromosomal positioning and accessibility to the recombination machinery 
(Alt, et al., 1984). There might, however, exist additional factors, such as cellular 
selection mechanisms, that are decisive in the preference for B cells expressing D- 
proximal IgVH-genes early in development. Expression of 3' V h genes is correlated 
with certain characteristics of the ab molecules such as multireactivity and idiotypic 
connectivity (Holmberg, 1987), and it has been suggested that those kind of properties 
are important for a normal development of the IS (see discussion).

Recombination of heavy chain variable genes during early development is associated 
with a limited junctional diversity. Thus, the early rearrangements have few, if any, N- 
sequence insertions, as well as limited exonuclease ”nibbling" at the coding ends of the 
rearranging gene elements. In contrast, rearrangements of IgVH gènes expressed in the 
adult B cell repertoire are accompanied by an extensive addition of N-sequences and 
high activity of exonuclease nibbling in the Vh DJh  junction, the CDR3 region 
(Holmberg, et al., 1989, Feeney, 1990, Gu, et al., 1990, Meek, 1990). Selection of B cell 
repertoires will be further discussed later.

Development and selection of T cell repertoires

The precursor cells that originate in the BM and enter the thymus go through a rather 
well-defined program of development. The end products in this process are mature, 
immunocompetent T lymphocytes.
The differentiation scheme starts in the thymic cortex, where pro-thymocytes that are 
CD4 and CD8 negative acquire a number of differentiation markers to become TcR+ 
CD4+CD8+ immature thymocytes (Penit, et al., 1988, Lesley, et al., 1990)(Spangrude,
1990). These cells constitute the major cortical thymocyte population (von Boehmer,
1988). At this stage, the cells have performed rearrangements of the genes for the TcR ß
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and a  chain variable parts and the VDJß recombination precedes VJa rearrangement 
(Farr, et al., 198, (Raulet, et al., 1985, Snodgrass, et al., 1985, Snodgrass, et al., 1985, 
Cristiani, et al., 1986). Some of the CD4+CD8+ double positive thymocytes express the 
TcR complex and are targets for selection based on receptor specificity. The majority of 
the thymocyte population are functionally inert postmitotic cells (Ceredig, et al., 1982). 
Continuation of thymic differentiation results in mature T lymphocytes with either a 
CD4+CD8“ or CD4“CD8+ phenotype. These cells are exported to the periphery. The 
step from the double positive to the single positive thymocyte subpopulation is 
accompanied by a selective loss of cells (McPhee, et al., 1979, von Boehmer, 1988).

Thymic selection has been extensively studied during the last years, and the prevailing 
view is that both positive and negative selection act on the developing T cell. The 
mechanisms for selection are, however, still an enigma. It is believed that the 
requirement for positive selection, which operates on the CD4+CD8+ double positive 
stage, is that the thymocytes express a TcR that can properly react to self MHC + 
peptide (Sha, et al., 1988, Teh, et al., 1988, Berg, et al., 1989, Kaye, et al., 1989). Negative 
selection, on the other hand, is the abolishment of thymocytes that express TcRs that 
are too reactive to self components (Kappler, et al., 1987, Kisielow, et al., 1988). Since 
the same T cell receptors are involved in both selection events, the problem arises how 
the two signals can be distinguished. Negative selection, which is believed to occur 
after the positive selection, is associated with cell death, and the general mechanism 
seems to be the induction of apoptosis by receptor cross-linking (Smith, et al., 1989, 
Murphy, et al., 1990).
The positive selection process guides the differentiation of immature thymocytes to 
CD4+ or CD8+ mature T cells. Studies of TcR transgenic (TG) mice have revealed that 
the decision to achieve either of the two phenotypes is dependent on the TcR specificity 
for MHC class I or class II molecules (Teh, et al., 1988, von Boehmer, et al., 1989, Berg, 
et al., 1989, Kaye, et al., 1989).

Similar to the B cell repertoire, the T cell repertoire changes during ontogeny, both 
structurally and functionally. It was demonstrated that in newborn mice, TcRa chains 
preferentially use 3'V  and 57 gene segments as compared to adult individuals (Roth, et 
al., 1991, Thompson, et al., 1991). Moreover, TcR gene transcripts from neonatal mice 
have few N-sequence insertions, whereas N-nucleotides are abundant in adult TcR 
rearrangements (Bouge, et al., 1991, Feeney, 1991).
Also, in functional terms, the T cell repertoire in newborn mice is different from adults. 
This has been exemplified in neonatally thymectomised mice, which harbour a 
peripheral repertoire of T lymphocytes that would have been deleted in an adult 
animal (Smith, et al., 1989, Jones, et al., 1990).
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The thymus does not seem to be the only site for T cell development. Recently, it was 
reported that in athymic mice, there exist cells that can rearrange and express TcR 
genes and develop into Tc lymphocytes (MacDonald, et al., 1987). A population of T 
cells that matures independent of a thymus has also been found in the gut epithelium. 
The cells develop to become aß+ or y8+ and express a homodimeric CD8a molecule. 
The function of this lymphocyte population is not known, but it could serve as a first 
line of defence (Guy-Grand, et al., 1991, Rocha, et al., 1991).

Lymphocyte kinetics

It is obvious that the IS, possessing a continuous production of components that are 
involved in various interactions, is not static but should be considered as a dynamic 
system. The IS has the capacity to adapt to new situations that arise due to 
environmental changes, internal as well as external. This flexibility is the result of a 
high turnover of cells in the primary lymphoid organs and in the periphery (Opstelten 
and Osmond, 1983, Freitas, et al., 1986, Park and Osmond, 1987, Park and Osmond, 
1989). The high number of B lymphocytes produced in the BM each day is dependent 
on a considerable proliferative expansion at the pre-B cell stage. Newly produced B 
cells die to a great extent in the BM, a process that has been suggested to be accounted 
for by programmed cell death (Osmond, 1993). One hypothesis is that all lymphocytes 
produced are committed to post-mitotic apoptosis, and unless cells receive positive 
signals for further differentiation they will die (Coutinho, 1993). This mechanism of 
regulating cellular turnover would apply to lymphocyte populations in both central 
and peripheral lymphoid organs.
The homeostasis in the lymphoid system is tightly regulated. In the adult IS, there is 
always a constant number of cells. Thus, the input of cells equals the output. The input 
is represented by the newly emergent cells from the primary lymphoid organs, 
whereas the output is the death of cells from different cellular compartments. A 
majority of the newly synthesised B cells in the periphery are shortlived, and die if not 
activated. Another ”cellular output” is the population of cells that have differentiated to 
become included in the terminal compartment, such as plasma cells that die after they 
have performed their effector functions (Freitas, et al., 1986).
In contrast to B cells, T lymphocytes have a capacity of self-maintenance in the 
periphery. Studies on thymectomised mice have demonstrated that the T cell numbers 
can be maintained even in the absence of an input of cells (Rocha, et al., 1983).
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Network dynamics

In the 1970's, Jerne presented the network theory of the IS (Jerne, 1974). The theory was 
based upon the fact that Ig variable regions also display epitopes that can be 
recognised by other Igs. He predicted that due to idiotypic interactions among 
lymphocyte receptors, the IS has an internal activity regardless of exogenous ags. The 
existence of such an interconnectivity within the IS is evidenced by analyses of natural 
antibodies in sera and from hybridoma collections of normal, unimmunised mice 
(Holmberg, et al., 1984, Vakil and Kearney, 1986). In addition, reactivities towards self 
ags are frequent within this set of natural abs (Dighiero, et al., 1983, Prabhakar, et al., 
1984, Dighiero, et al., 1985). Self reactivity and connectivity within an individual is thus 
suggested to be physiological and, based upon properties of neonatal natural abs, to be 
essential for the development of the IS (Coutinho, 1989).
Few studies have addressed the existence a functional idiotypic network. Injection of 
abs, previously demonstrated to be "connected", into newborn mice was shown to alter 
the adult pattern of reactivity towards some common, bacterial ags (Vakil and 
Kearney, 1986, Vakil, et al., 1986). In another study, it was demonstrated that the 
injection of a certain idiotype into adult mice, drastically changed the serum levels of 
the corresponding anti-idiotype (Lundkvist, et al., 1989). Analyses of serum levels of 
natural abs over a time period reveals a pattern of a complex dynamic behaviour, 
compatible with network dynamics found in other systems (Paper III). These dynamic 
properties of the IS will be further discussed later.

Tolerance and autoimmunity

The specific receptors of the IS recognise a great variety of molecular structures, 
including self-molecules. As a consequence, the IS of an individual has the potential to 
mount immune responses towards its own organism. In most cases, however, the IS 
will not react to self in a way that will cause destruction of self-components. This 
phenomenon comprises the concept of self-tolerance. Autoimmune diseases develop 
when the tolerance to self is broken and the reactivity towards self results in the 
destruction of the individuals own tissues.

Self-tolerance

Classical experiments in the 1940's demonstrated that dizygotic cattle twins, who had 
shared the same circulatory system during foetal life, became tolerant to each others 
ags (Owen, 1945). 10 years later, it was reported that if spleen cells from the mouse
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strain B were injected into newborn mice of the strain A, then strain A fully accepted 
skin grafts from strain B later in life but rejected grafts from other strains of mice 
(Billingham, et al., 1956). These observations were taken as evidence that the IS learns 
what is self.

To understand self-tolerance remains one of the main issues in modern immunology. It 
is believed that several mechanisms operate to establish tolerance in both the central 
lymphoid organs during the development of the lymphocyte repertoires and in the 
periphery.

Deletion of thymocytes during differentiation has been suggested to constitute an 
important mechanism for tolerance induction. Originally, clonal deletion in the thymus 
was demonstrated for T cells expressing certain TcR Vß genes in mice expressing a 
particular MHC class II molecule (Kappler, et al., 1987). These findings were followed 
by a series of reports from analyses of TcR TG mice. Thus, male mice, expressing a TG 
TcR specific for the male H-Y ag in the context of class I H-2D^ (Kisielow, et al., 1988), 
were shown to display a decrease in the number of thymocytes, except for the double
negative thymocyte subset. Likewise, there is a strong association between the 
haplotype of the minor lymphocyte stimulating (MLS) antigens (Festenstein, 1976) and 
the deletion of T cells expressing certain TcR Vß genes (Kappler, et al., 1988, 
MacDonald, et al., 1988).

In addition to clonal deletion, anergy, meaning functional inactivation, has been 
proposed as a mechanism to maintain self-reactive T lymphocytes in a nonresponsive 
state. Evidence for T cell anergy has been presented in several experimental models. In 
the anti-H-Y TG male mice, the few responsive cells that were found in the periphery 
had down-regulated the expression of CD8 and, thus, could not be activated (Teh, et 
al., 1989). Similarly, downregulation of TcRs has been reported to be a mechanism for 
peripheral tolerance (Schönrich, et al., 1991). Another form of anergy has been 
suggested to result from inability of a Th  lymphocyte to produce IL-2 after occupation 
of the TcR in the absence of costimulatory signals (Schwartz, 1990).
In the context of T cell tolerance, the question arises how tolerance to self-ags that are 
present at sequestered sites of the body and, thus, most likely are not presented in the 
thymus is achieved. To investigate this issue, a number of TG mouse models have been 
developed that express defined ags (preferentially MHC ags) under the control of 
tissue specific promoters (reviewed in Ferrick, et al., 1990). In most cases, peripheral 
tolerance to the tissue-specific neo-ags is induced in vivo, while lymphoid cells from the 
TG animals show responsiveness in vitro.
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Also, B cell tolerance has been argued to result from both deletion and anergy. In mice 
that are double TG for hen egg lysozyme (HEL) and the corresponding anti-HEL Ig 
genes, the membrane IgM receptors were found to be downregulated on peripheral B 
cells (Goodnow, et al., 1988), while the surface expression and affinity of TG IgD 
molecules were unaltered. These results suggested a functional silencing of self
reactive B cells. In another mouse model expressing a TG IgM receptor specific for class 
I MHC of the k haplotype, it was demonstrated that when this receptor was bred into 
an MHC k animal, the B cells were deleted (Nemazee and Burki, 1989). The difference 
in B cell tolerance induction in these two models was argued to result from the TG self- 
ag in that the H-2K molecule is membrane bound, whereas the HEL is expressed in a 
soluble form.
In another TG mouse model expressing an anti-red blood cell (RBC) Ig, half of the mice 
developed autoimmunity, which was demonstrated to be a result of reactivity within 
the B-l cell compartment (Murakami, et al., 1992). The lack of tolerance in this cellular 
subset was suggested to be due to the presence of these cells in the peritoneal cavity 
(PC) and the lack of exposure to the ag under normal circumstances. Injection of RBC 
into the PC resulted in the death of the RBC-reactive B-l cells by apoptosis.
Functional impairment such as the inability of B cells to differentiate into plasma cells 
was demonstrated in mice transgenic for anti-DNA abs (Erikson, et al., 1991) and 
proposed as another mechanism for B cell tolerance to autoags.

Most of the suggested mechanisms for tolerance induction are compatible with clonal 
deletion or inactivation. But, as mentioned above, there exist both self-reactive T and B 
cells in the periphery that are fully responsive to self ags in vitro . Other ways of 
m aintaining self tolerance, apart from inactivation or deletion, may exist. 
Transplantation tolerance, induced early in ontogeny, has been reported to be 
associated with high activity of both B and T lymphocytes (Bandeira, et al., 1989). In 
view of physiological autoreactivity, network interactions could be an additional 
mechanism in regulating immune reactivity to self components (Coutinho, 1989), and 
would thus be associated with lymphocyte activity rather than suppression.

Autoimmunity

Autoimmune diseases comprise a continuum of disorders ranging from organ-specific 
to systemic. In organ-specific diseases, the autoimmune response is directed towards 
one or a few specific organs. Insulin dependent diabetes (IDDM), where the insulin- 
producing pancreatic ß cells are the targets for the autoimmune attack (Bottazzo, et al.,
1985), or the destruction of the myelin in multiple sclerosis (MS) (Traugott, et al., 1983) 
are examples of organ-specific diseases. In the case of systemic autoimmune disorders,
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e. g. systemic lupus erythematosus (SLE) (Woods and Zvaifler, 1989), which is 
characterised by autoantibody production and immune complex formation, various 
tissues and organs are affected.

Development of autoimmunity is influenced by multiple factors, genetic as well as 
environmental. Susceptibility to most autoimmune diseases is associated with 
particular MHC alleles. One striking example is ankylosing spondylitis that develops 
in 90% of all individuals carrying the class I HLA-allele B27 (Khan, 1987). Another 
example of a strong correlation between the development of disease and certain MHC 
class II alleles is represented by IDDM (Todd, 1990). The mechanisms behind the 
linkage between MHC alleles and the development of autoimmune diseases are not 
clear, but an affinity for certain peptides by particular MHC molecules may be of 
importance for both the initiation of an immune response and the process of positive 
and negative selection of T cell repertoires.
Development of autoimmune diseases appears, in most cases studied, to be dependent 
on T lymphocytes. Thus, to initiate an autoimmune response, T lymphocytes reactive 
to the inducing peptide+MHC must be present. Consequently, TcR genes and their 
rearrangements are also important factors in susceptibility to autoimmunity. Since B 
cells are dependent on T cell help for activation, autoantibodies present during 
autoimmune responses are, in most cases, considered not to be primarily responsible 
for the autoimmune process. The role of B lymphocytes/Igs in the development of the 
autoimmune T cell repertoire, as will be discussed later, may, however, be important.

Environmental factors have been suggested to be involved in the breakdown of self
tolerance. Bacteria and viruses have been implicated in this process since infections by 
such agents are often associated with the initial appearance of the autoimmune disease. 
A suggested mechanism for such environmental influences is the so called molecular 
mimicry (reviewed in Oldstone, 1987). Peptides derived from infectious organisms 
would be similar to self peptides and when presented, this could later result in an 
immune reaction towards self. One example is the antigenic cross-reactivity 
demonstrated between cardiac tissue and Group A Streptococci (Kaplan and 
Meyeserian, 1962, Dale and Beachey, 1986).

A number of animal models have been most useful for studies of the pathogenesis of 
autoimmune diseases. One type of autoimmune animal model that spontaneously 
develops autoimmunity are those of Type I diabetes, e. g. the non-obese diabetic 
(NOD) mouse (that will be described in detail later) and the Bio-Breeding rat 
(Nakhooda, 1977). The MLR/lpr or NZB mice, which constitute murine models of SLE 
(Theophilopoulus, 1982), are other examples of mouse strains that spontaneously
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become autoimmune. In other models, the autoimmune reaction has to be induced by 
immunisation with ag, for example experimental autoimmune encephalomyelitis 
(EAE) or collagen induced arthritis (CIA).

MRL/lpr (lymphoproliferative) mice spontaneously develop a syndrome that is similar 
to human SLE, both serologically and pathologically, and that is characterised by 
proliferation of lymphoid cells with subsequent enlargement of the lymphoid organs 
(Andrews, et al., 1978). The abnormal B cell activation in the MRL/lpr mice results in 
high levels of serum Ig and high titers of autoantibodies and immune complexes. The 
autoimmunity in these mice is, however, thymus dependent (Wofsy, et al., 1982 Hang, 
et al., 1984, Wofsy, et al., 1985, Santoro, et al., 1988). Most interestingly, it was recently 
reported that mice carrying the lpr mutation have defects in the Fas ag genes 
(Watanabe-Fukunaga, et al., 1992). The Fas ag is a membrane protein that is involved in 
the induction of apoptosis (Itoh, et al., 1991, Watanabe-Fukunaga, et al., 1992). Thus, 
the lymphoproliferative disorder in MLR/lpr mice could be proposed to depend on the 
inability to regulate cell numbers by cell death.

EAE is a demyelinating disease characterised by a T cell response to the myelin basic 
protein (MBP) and represents a model of multiple sclerosis (MS). Studies of 
interactions between MBP-epitopes and MHC molecules have demonstrated that each 
susceptible MHC-haplotype is associated with a particular MBP peptide for disease 
induction (Zamvil, et al., 1986, Zamvil, et al., 1988, Sakai, et al., 1988). Moreover, 
encephalitogenic T cell clones utilise a restricted set of TcRs (Acha-Orbea, et al., 1988), 
which could be exploited for immune therapy in this disease (Acha-Orbea, et al., 1988, 
Owhashi and Heber-Katz, 1988, Zaller, et al., 1990). Also, inactivated encephalitogenic 
T cell clones could be used for ”vaccination” and could prevent further induction of 
EAE (Ben-Nun, et al., 1981, Lider, et a l, 1988). Both the EAE and CIA, which is induced 
by Type II Collagen in mouse strains that are genetically susceptible (Wooley, et al., 
1981, Holmdahl, et al., 1985, Holmdahl, et al., 1988), autoimmune models, suggest that 
potentially autoreactive cells are present in the IS of these mice and can be triggered to 
mount immune response towards self components. In mice that are double transgenic 
for the lymphocytic choriomeningitis viral glycoprotein (LCMV-GP), expressed on the 
pancreatic ß cells, and for anti-LCMV-GP TcRs, the T cells did not react to the ag until 
the mice were infected with LCMV resulting in the induction of diabetes (Ohashi, et al.,
1991). Thus, it seems that for the induction of autoimmunity in predisposed 
individuals, one or several triggering factors has to be operating.

There are many unanswered questions regarding the mechanisms behind the 
development of autoimmune diseases. What is clear, however, is that all components
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involved in mounting immune responses towards exogenous ags are also involved in 
the autoimmune response. In the continuation of this thesis I will discuss the 
development of T cell mediated autoimmunity from a B cell point of view.
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RESULTS AND DISCUSSION

In the introduction, I have described the development, components, and action of the 
normal IS. The work that will be presented here is based on studies of an IS that is 
developing severe autoimmunity. The model we have chosen to work with is the 
nonobese diabetic (NOD) mouse, which spontaneously develops a disease that is very 
similar to human insulin dependent diabetes mellitus (IDDM).

The aim of the study has been to investigate:

the development of the B cell repertoire in an animal model of T cell mediated 
autoimmunity, which was compared with normal, nonautoimmune mice

the possibility that B cells/Igs play a role in the establishment of the T cell 
dependent autoimmunity in the NOD mouse

the effect of Ig treatment on the B and T cell repertoires and the induction of 
autoimmunity

The NOD mouse model

The NOD mouse was established in 1980 as an animal model for Type I diabetes 
mellitus (Makino, et al., 1980). Overt diabetes is, like in human IDDM, characterised by 
polydypsia, polyuria, glucosuria, hyperglycaemia, and insulin deficiency. Before the 
onset of overt diabetes, there is a selective destruction of the insulin producing ß cells 
in the pancreatic islets of Langerhans (Miyazaki, et al., 1985). This process is mediated 
by mononuclear cells infiltrating the islets (insulitis). T cells, B cells, monocytes, and 
NK cells have been demonstrated to be present in the infiltrates (Kanazawa, et al., 1984, 
Miyazaki, et al., 1985, Signore, et al., 1989), but CD4+ T lymphocytes seem to be 
predominating (Signore, et al., 1989). Several studies have revealed the absolute 
requirement for T cells in the development of insulitis and diabetes. Thus, neonatal 
thymectomy (Ogawa, et al., 1985) or treatment with specific abs to the CD4 or the class 
II MHC molecules (Koike, et al., 1987, Shizuru, et al., 1988, Boitard, et al., 1988) have 
been demonstrated to prevent the development of diabetes in the NOD mouse. Both 
CD4+ and CD8+ T lymphocytes are needed to transfer the disease from diabetic 
donors to healthy neonates (Bendelac, et al., 1987).
In the NOD mouse, insulitis starts before 5 weeks of age, and from 12 weeks onwards, 
overt diabetes appears among the females; the time of onset varies depending on the

35



NOD colony studied. The incidence of diabetes in the male population is significantly 
lower; a phenomenon that has been shown to be influenced by sex hormones (Makino, 
et al., 1981).
The involvement of B lymphocytes in the disease process is not clear. Autoantibodies 
towards islet cells and insulin have been found at a preclinical stage in both humans 
(Palmer, et al., 1983, Soeldner, et al., 1985) and in NOD mice (Yokono, et al., 1984, 
Pontesilli, et al., 1987, Michel, et al., 1989). The presence of these abs may, however, be 
secondary to the autoimmune process mediated by the T cells. However, based on 
observations that will be presented below, B-cells/Igs appear to be important in the 
development of an autoagressive T cell repertoire in the NOD mouse.
Development of insulitis and diabetes in the NOD mouse has been genetically mapped 
to at least five loci located on different chromosomes (Hattori, et al., 1986, Prochazka, et 
al., 1987, Wicker, et al., 1987, Todd, et al., 1991, Garchon, et al., 1991, Cornali, et al.,
1991). The most well-defined susceptibility gene is linked to the MHC locus, which has 
been designated H-287 in the NOD mouse. Class II MHC I-A molecules of the H-287 
haplotype are unique in the sense that the Aß protein has a serine residue at position 57 
instead of the aspartic acid observed in this position in the Aß protein of other H-2 
haplotypes (Acha-Orbea and McDevitt, 1987). Moreover, the NOD strain does not 
express MHC class III-E molecules due to a deletion in the promoter region of the Ea 
gene (Hattori, et al., 1986). Experiments in TG mice have revealed the importance of 
this altered class II expression for the development of diabetes (Uehira, et al., 1989, 
Lund, et al., 1990, Miyazaki, et al., 1990, Slattery, et al., 1990). Similarly, in human Type 
1 diabetes, there is a strong association between certain class II alleles and 
susceptibility to diabetes (Todd, 1990). 90-95% of the patients have the HLA-DR3 or 
DR4 as compared to 45-55% in healthy controls (Thomson, et al., 1988). Comparisons of 
the polymorphic amino acid residues of allelic forms of DQß proteins have 
demonstrated that the alleles associated with IDDM have a non-charged amino acid at 
position 57, whereas alleles negatively associated with IDDM have an aspartic acid at 
this position (Todd, et al., 1987). This is strikingly similar to the above mentioned 
finding of a unique Aß protein in the NOD mouse.
The non-MHC genes, influencing susceptibility to insulitis and/or diabetes, are located 
on different chromosomes and have been associated with a number of other 
genes.(Cornall, et al., 1991, Garchon, et al., 1991) The genetic linkages are, however, not 
completely defined at present.

In the NOD mouse, many attempts have been made to identify a specific subset of T 
lymphocytes mediating the destructive process in the pancreas. In particular, 
expression of TcR Vß genes in the periphery and pancreatic infiltrates have been 
studied (Nakano, et al., 1991, Maeda, et al., 1991, Candéias, et al., 1991). From these
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investigations, the expressed Vß repertoire among islet specific T cells appears 
heterogeneous. However, it has been argued that the T lymphocytes initiating the 
autoimmune process could still represent a restricted subset. One study has 
demonstrated a predominance of V ßll gene usage in infiltrating T lymphocytes of 
young NOD mice (Maeda, et al., 1991), which would thus represent the earliest 
infiltrating cells. Other investigators have, however, reported a heterogeneous 
expression of Vß gene segments in the islets of young mice (Waters, et al., 1992). 
Moreover, NOD mice, expressing a TG TcR on most of the peripheral T cells still 
developed insulitis and diabetes comparable to their non-TG littermates, indicating 
that severe disturbances in the expressed TcR repertoire may still be compatible with 
progression of insulitis and diabetes (Lipes, et al., 1993).

B cell influences on the developing T cell repertoire

Transfer experiments in NOD mice have demonstrated that B cells are not required in 
the destruction of the insulin producing ß cells (Bendelac, et al., 1988). Selection 
mechanisms operating to establish the autoagressive T cell repertoire during the 
ontogeny of the NOD mouse remain unclear, and it appears plausible that B cells may 
be involved in this process. Previously presented studies clearly indicate that B cells 
are responsible for the presence of certain TcR idiotypes (id) in the adult mouse 
(Martinez-A., et al., 1985). This was concluded from the observation that treatment 
with anti-IgM abs from birth, which prevents B cell development, also abolished the 
expression of a particular TcR id.
In paper I, the possibility that B cells influence the establishment of a T cell repertoire 
that subsequently gives rise to autoimmunity in the NOD mouse was investigated. 
NOD mice were injected with rabbit a-mouse IgM (RalgM) from birth through the 
fourth week of life. By suppressing the development of the B cell repertoire during the 
neonatal period, the incidence of both insulitis and diabetes in the adult NOD mouse 
was drastically decreased (Paper I, Figures 3 and 4).
The mechanism mediating B cell dependent selection of T cells is not known at present, 
but idiotypic interactions between Igs and TcRs, as well as presentation by B cells of 
peptides possibly derived from Ig V regions or other self ags, have been suggested 
(Martinez-A, et al., 1988).

The observation in Paper I that the injection of normal, polyclonal rabbit Ig (NRIg) also 
had a reducing effect on the development of insulitis and diabetes (Paper I, Figures 3 
and 4) was interpreted to be a possible consequence of the presence of natural 
antibodies in the Ig preparation and that these abs would in some way interfere with T
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cell selection. To compare the effect on the severity of insulitis after treatment with 
either RalgM or NRIg, the duration of the respective treatment was titrated (Paper I, 
Figure 5). One injection of NRIg within 24 hours after birth had the same effect on the 
severity of insulitis as the 4 week treatment with this Ig preparation. In contrast, the 
effect of the injections with RalgM increased with the duration of treatment. One single 
injection within 24 hours after birth of either Ig preparation resulted in the same degree 
of inhibition of the insulitis progression. This may be an effect of natural Igs present in 
both types of Ig preparations. The additional effect of RalgM, when administered 
during a longer period of time, suggests an influence on the T cell repertoire as a 
consequence of the suppressed B cell development.

The beneficial effect on disease development, obtained by treatment with NRIg, mimics 
the effects observed with intravenous Ig (Ivlg) therapy in certain human autoimmune 
disorders (Imbach, et al., 1981, Sultan, et al., 1984). The Ivlg treatment has, so far, 
preferentially been used for therapy in diseases with a defined autoantibody activity. 
In the Ig preparations used for injections, Ig V-region-based activity, inhibiting the 
action of the autoantibodies, has been found (Rossi, et al., 1989). The effect of this 
treatment has thus been found to be the result of id-anti-id reactions. Moreover, it 
could be argued that such interactions could shift the dynamic state of ab interactions 
in the autoimmune individual. Autoantibody activities in autoimmune patients indeed 
display a disturbed dynamic pattern as compared to healthy individuals (Paper III). 
This will be further discussed below.

Germ-line encoded connectivity

Studies of perinatal B cells have revealed that in addition to binding to other Igs, the 
antibodies produced show multireactivity and react to a panel of self ags (Holmberg, et 
al., 1984, Dighiero, et al., 1985, Vakil and Kearney, 1986, Holmberg, 1987). It has been 
suggested that such properties of the neonatal B cell repertoire are a physiological 
prerequisite for the establishment of a normal IS (Vakil, et al., 1986, Holmberg, et al., 
1989). If so, V-region connectivity should be germ-line encoded rather than acquired 
due to somatic events. The fact that somatically derived diversification of Ig genes, 
such as insertion of N-sequences and exonuclease nibbling of V(D)J-region gene 
segments, is very limited in young individuals supports this notion. Thus, a limited 
somatic diversification together with a restricted usage of V-genes would appear to 
guarantee the expression of germline encoded Ig specificities early in ontogeny.
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To investigate if idiotypic connectivity is germ-line encoded, the genes coding for the 
heavy and light chain variable regions of two mutually interactive monoclonal abs 
(mAbs), BA.N 4:4.57 and BA.N 1:1.8 (Lundkvist, et al., 1989), were nucleotide 
sequenced (Paper II). The mAbs originate from a hybridoma collection derived from 
spleen cell fusions of neonatal, unimmunised mice (Holmberg, et al., 1984, Dighiero, et 
al., 1985, Holmberg and Couünho, 1985, Holmberg, et al., 1986, Holmberg, 1987). The 
nucleotide sequences of BA.N 4:4.57 and BA.N 1:1.8 revealed the germ-line origin of 
the two idiotypically connected neonatal abs (Paper II). BA.N 4.4.57 was shown to be 
encoded by a germ-line Vh  gene, 1210.7, that belongs to the Vh  36-60 gene family, 
whereas BA.N 1:1.8 utilised the germ-line Vh  gene VGAM3.8. The Vl  regions of BA.N 
4:4.57 and BA.N 1.1.8 were encoded by the VicSer and Vk24B genes, respectively 
(Figures 1 and 2, Paper II). No N-sequence additions were observed in any of the CDR3 
regions. The germ-line origin of the V-regions in a number of mAbs derived from the 
same hybridoma collection was similarly established by nucleotide sequencing 
(Carlsson and Holmberg, 1990). Also in this study, very few, if any, N-nucleotide 
additions were found.
Taken together, the results presented in Paper II demonstrate for the first time that 
functional idiotypic interactions are germ-line encoded and support the proposed 
existence of a germ-line encoded idiotypic network (Jerne, 1974).

Population dynamics of natural antibodies

Previous characterisation of the mAbs studied in Paper II demonstrated that one of the 
mAbs, BA.N 4:4.57, was recognised by antibodies specific for a determinant (Ia.7) on 
the class II molecule I-E. This mAb was thus considered to be an internal image of an 
MHC class II determinant (Holmberg, et al., 1984). The complementary antibody, BA.N 
1:1.8, was characterised to be multireactive and highly connected when tested against a 
panel of ags (Holmberg, et al., 1986, Holmberg, 1987).
By analysing the serum concentrations of the respective antibody in normal, 
unimmunised BALB/c mice, it was observed that the expression of these Ig idiotypes 
fluctuated over time. Injection of a small amount of either one of the mAbs into adult 
mice gave rise to drastic changes in the fluctuation pattern of the complementary ab, 
which were taken as evidence for the occurrence of functional interactions between the 
two Ig ids in vivo (Lundkvist, et al., 1989).
A more frequent and prolonged analysis of the serum titers of BA.N 4:4.57 and BA.N 
1:1.8 in normal BALB/c mice is reported in Paper III. The fluctuations over time in the 
concentration of the different abs in serum from the various mice (Paper III, Figure 1) 
were subjected to mathematical analyses in order to estimate the dynamic properties of

39



the production of natural abs. Thus, the concentration of the natural abs in these 
healthy animals varied over time in a pattern compatible with dynamics following 
caotic regimes (Paper III, Table l)(Lundkvist, et al., 1989). In contrast, a similar analysis 
of the serum titers of autoabs in autoimmune humans or mice demonstrated an altered 
dynamic state, displaying a more random or rhythmic behaviour (Paper III, Figures 3 
and 4).
The increase or decrease in concentration of serum abs reflects either production or 
disappearance of Igs, respectively, and is a result of interactions within the IS. The 
altered ab dynamics in the autoimmune individuals could thus be a sign of a disturbed 
pattern of connectivity. Without a complete understanding of the dynamics of natural 
ab production, these results suggest the possibility of identifying aberrations in 
immune repertoires. Such analyses may thus be helpful in the diagnosis and 
identification of individuals at risk of developing autoimmune disorders.

The influence of natural antibodies on diabetes development in the NOD mouse

As discussed above, the inhibitory effect of Ig-treatment on disease development in the 
NOD mouse, as well as in certain human autoimmune disorders, could be a property 
of the population of natural antibodies. If the characteristics ascribed to the neonatal B 
cell repertoire would be a requirement for the development of a normal IS, it could be 
argued that development of autoimmunity is influenced by Igs either early or late in 
ontogeny. If so, injections of Ig-preparations, containing natural antibodies from 
normal individuals, might substitute for aberrations in the Ig repertoire of the 
autoimmune individual. In the NOD mouse, there does not seem to be any 
abnormalities on the level of IgVH genes since it was recently demonstrated that this 
mouse strain has an identical pattern of Vh  gene complexity as the non-autoimmune 
C57B1/6 mouse (Leijon, et al., 1993). The NOD mouse could, however, still deviate 
from normal mouse strains on the level of rearrangement, expression, or selection of 
particular V-region genes or specificities. This issue will be further discussed later.

To test the possibility that neonatally derived natural antibodies are involved in the 
effect obtained by Ig-treatment on diabetes development in the NOD mouse, a mixture 
of monoclonal, natural abs was given in high doses for the first four weeks of life, 
according to the same protocol used for NRIg injections (Paper I). The mAbs were 
derived from the hybridoma collection of neonatal mice described above. At 40 weeks 
of age, none of the mice injected with the ab-"cocktair had developed overt diabetes. 
Interestingly, injections, according to the same protocol, of a single mAb, BA.N 1:1.8, 
similarly resulted in a total prevention of disease development (Paper IV, Figure 1).
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To further investigate the effect of single natural abs, a panel of mAbs (Paper IV, Table 
1) originating from the same hybridoma collection were administered within 24 hours 
after birth. Three of the abs, among them BA.N 1:1.8 and BA.N 4:4.57, totally prevented 
developm ent of diabetes, whereas the remaining abs inhibited the disease 
development to various degrees (Paper IV, Figure 2). Most importantly, the least 
connected abs (Paper IV, Table I) seemed to have the least effect on disease 
development.
Thus, the results presented in Paper III demonstrate that one single neonatal injection 
of a certain antibody is sufficient to prevent induction of diabetes in adult life and 
suggest that the effect of Ig-treatment on diabetes development observed in the NOD 
mouse is due to natural, highly connected abs.

To further investigate and characterise the effect obtained by the treatment of NOD 
mice with natural abs, the mAb BA.N 1:1.8 was chosen. The previous experiments 
(Paper IV, Figure 2) demonstrated that a single injection of 100 (ig of BA.N 1:1.8 was 
sufficient to prevent diabetes development. Titration of the dose injected (Paper VI, 
Figure 1) revealed that 50 jig of BA.N 1:1.8 injected within 24 hours similarly inhibited 
diabetes induction, whereas 20 pg of BA.N 1:1.8 did not. This demonstrates that the 
amount of natural abs used for neonatal treatment, which is effective in the prevention 
of diabetes at an adult age, is a decisive factor in this process.

Development of the B cell repertoire in the NOD mouse

The development of B cell repertoires that diverge from the B cell repertoire in normal 
mice has been reported in mouse strains that spontaneously develop autoimmune 
disorders (Mannheimer-Lory, et al., 1986, Bellon, et al., 1987). Similarly, the adult NOD 
mouse has been described to display an aberrant pattern of Vh  gene utilisation, 
compared with the C57B1/6 mouse (Leijon, et al., 1993). Thus, in the adult NOD mouse 
there is an overexpression of D-proximal Vh  genes, a pattern that is normally 
associated with the neonatal B cell repertoire (Yancopoulos, et al., 1984, Perlmutter, et 
al., 1985, Jeong and Teale, 1988, Freitas, et al., 1989).
To address the reasons for this divergent B cell repertoire in the NOD mouse, studies of 
IgVH rearrangements, involving the members of the Vh  gene family Vh 7183, were 
performed.
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The Vh  7183 family

The Vh 7183 gene family is the most D-proximal of the IgVH gene families, and the 
genes belonging to this family are thus preferentially expressed early in ontogeny 
(Yancopoulos, et al., 1984, Perlmutter, et al., 1985). Also, the genes of the Vh 7183 
family belong to the most evolutionary conserved Vh  genes (Tutter and Riblet, 1989). 
Analyses of hybridomas utilising Vh 7183 genes have demonstrated a high degree of 
connectivity among the expressed Igs (Holmberg, 1987, Kearney, et al., 1992).
In the BALB/c mouse strain, the Vh?183 gene family has been estimated to contain 18 
germ-line genes, denoted 7183.1 to 7183.18 (Carlsson, et al., 1992). The most D- 
proximal Vh7183 gene, except for a 3V pseudogene (7183.8), is 7183.1 (81X). Studies of 
rearrangements involving Vh7183 genes in BALB/c mice have revealed a preferential 
utilisation of this gene in all populations and ontogenic stages studied (Carlsson, et al., 
1992, Huetz, et al., 1993). This preference for rearranging the 7183.1 gene could be a 
result of a unique 3' flanking recombination signal sequence (Yancopoulos, et al., 1984, 
Schroeder, et al., 1990). This will be further discussed below.

Vh 7183 rearrangements in the NOD and C57BL/6 mouse strains

To study rearrangements of Vh 7183 genes, genomic DNA from the spleens of the mice 
studied was amplified by polymerase chain reaction (PCR), using Vh 7183 and jH-gene 
specific oligonucleotide primers, cloned, and sequenced. The PCR analysis (Paper V) 
confirmed a previous RFLP analysis which showed that the NOD mouse displays the 
same Ig Vh  gene complexity as the C57B1/6 mouse strain (Leijon, et al., 1993). 
Nucleotide sequencing of a number of amplified VDJ rearrangements from both 
C57B1/6 and NOD mice made it possible to identify a number of Vh ?183 germ-line 
genes of the IgH^ haplotype. Ten different Vh 7183^ genes were isolated. Two of the 
genes were identical to previously identified BALB/c genes, whereas four were unique 
for the IgH^ haplotype. The remaining four genes were considered to be allelic forms 
of BALB/c genes because they differed in only three nucleotide positions or less (Paper 
V, Figure 1).

Comparisons between newborn NOD and C57B1/6 mice regarding the utilisation of 
the different Vh 7183 genes revealed that there was no difference between the two 
strains (Paper V, Figure 2). In the adult C57B1/6 mouse, however, 90% of the Vh ?183 
rearrangements were nonfunctional, whereas 50% of the rearrangements in the adult 
NOD mouse were functional (Paper V, Table I). Thus, the adult NOD mouse displayed 
a pattern of Vh ?183 gene utilisation similar to that of newborn mice. In addition, most 
of the rearrangements in C57B1/6 utilised the Vh ?183.1 gene segment, while in the
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NOD mouse the utilisation of the different Vh7183 genes appeared more 
heterogeneous (Paper V, Table I and Figure 2). This observation supports the 
previously mentioned in situ hybridisation data, that the adult NOD mouse retains a 
neonatal B cell repertoire (Leijon, et al., 1993).

The frequency of functional rearrangements involving the Vh 7183.1 gene has been 
extensively studied in the BALB/c mouse. In pre-B cells derived from both neonatal 
and adult mice, the frequency of functionally rearranged Vh 7183.1 genes is 20-30%. In 
the peripheral B cell pool of neonatal mice, this frequency is increased to 80%, 
indicating that B cells expressing this gene are positively selected early in ontogeny 
(Huetz, et al., 1993). Vh 7183.1 rearrangements isolated from adult spleen are, on the 
other hand, almost all non-functional. This suggests that the Vh 7183.1 is not selected 
for in the adult individual. It is important to note in this context that hybridomas 
expressing this gene have been demonstrated to be highly multireactive and 
interconnected (Kearney, et al., 1992). Taken together, these findings are suggestive of 
an important role, early in ontogeny, for Ig V-regions, encoded for by the Vh 7183.1 
gene.
In newborn C57B1/6 and NOD spleens, the percentage of functional rearrangements of 
Vh 7183.1 genes was approximately 50%. In adult NOD mice, as many as 20% of these 
rearrangements were functional, compared to only 2% in adult C57B1/6 (Paper V, 
Table I). This indicated that the neonatal pattern of Vh 7183 gene rearrangements in 
adult NOD mice includes also the Vh 7183.1 gene, previously demonstrated to be 
selected against in normal mouse strains.
As mentioned above, a majority of all Vh 7183 recombinations utilise the Vh 7183.1 
gene segment (Huetz, et al., 1993). By analysing the nonfunctional Vh 7183 
rearrangements, it is possible to estimate the intrinsic frequency of rearrangements. 
Because the nonfunctional Vh 7183 recombinations cannot be expressed as Ig proteins 
nor thus be selected for by external selection mechanisms, it is possible to observe the 
intrinsic rate of recombination by analysing nonfunctional rearrangements. Analyses of 
such nonfunctional rearrangements, isolated from the spleen of adult C57B1/6 and 
NOD mice, revealed that almost 90% of the nonfunctional rearrangements in C57B1/6 
utilised Vh 7183.1, whereas only 32% used this gene in nonfunctional rearrangements 
derived from NOD mice (Paper V, Table II). This infers that the Vh 7183.1 gene, 
although still preferentially rearranged, is not utilised to the same extent in the NOD 
mouse as compared to C57B1/6 and BALB/c mice. The reason for this discrepancy is 
not understood. It may be hypothesised that it results from intrinsic properties of the 
rearranging gene elements and/or recombination machinery. As already mentioned, 
the Vh 7183.1 gene has unique flanking sequences that could be targets for control of 
rearrangement (Schroeder, et al., 1990). Another possibility is that the intrinsic rate of
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rearrangements is influenced by factors external to the cell. In line with this is the 
observation that in NOD mice, neonatally treated with BA.N 1:1.8 , the percentage of 
rearrangements that utilise Vh 7183.1 among the nonfunctional sequences is raised to 
more that 80% (discussed below) (Paper V, Table 2).

Influences on Vh 7183 rearrangements in the NOD mouse by injection of a natural antibody

To investigate the possible influences on the developing B cell repertoire by Ig- 
treatment, the mAb BA.N 1:1.8, previously demonstrated to inhibit disease 
development in the NOD mouse, was chosen for further analyses of the B cell 
repertoire. NOD mice were injected with a low dose of BA.N 1:1.8 at birth, and the 
adult pattern of Vh 7183 rearrangements was analysed in these mice. In the ab-treated 
adult NOD mice, only 28% of the Vh 7183 rearrangements were found to be functional, 
compared to 53% in non-treated adult NOD mice. In addition, none of the clones 
utilising Vh ?183.1 was functionally rearranged. This mimics the pattern in adult 
C57B1/6 where only 2% of these rearrangements were found to be functional (Paper V, 
Table I). This result argues for a "normalisation" of the B cell repertoire in the NOD 
mouse resulting in a resemblance of the B cell repertoire in adult C57B1/6 and suggests 
that external factors might be able to influence the intrinsic frequency of 
rearrangements.
The "normalisation" of the B cell repertoire in ab-treated NOD mice coincides with an 
absence of diabetes in these mice. It is thus tempting to speculate that the alterations 
observed in the Vh ?183 rearrangements of the BA.N 1:1.8 treated mice play a role in 
the development of the T cell repertoire, which has subsequent effects on the 
development of diabetes in the NOD mouse.

The time for administration of BA.N 1:1.8 is important for the outcome of the 
treatment

The observation that neonatal treatment with a natural ab can alter the process of T cell 
mediated autoimmunity in the NOD mouse raises the question at what stage of early 
life the IS is most susceptible to external, as well as internal influences.
A factor that may be of importance for the manipulation of the neonatal IS by the 
treatment with natural abs is the time (age) for the administration of the abs. 
Experiments, aiming at investigating this point, demonstrated that this is indeed the 
case (Paper VI, Figure 2). Thus, the neonatal IS (less than 1 week of age) is more 
susceptible to such manipulation than the older neonatal as scored by the subsequent 
cumulative incidence of diabetes. The result implies that treatment with neonatally
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derived natural abs cannot be used for the treatment of adult individuals for which the 
autoimmune process has already started. We observed, however, that if the dose of abs 
injected at 8 weeks of age was increased to 1 mg, the clinical signs of diabetes were 
delayed by approximately one month (Paper VI, Figure 2B).

The functional difference between the neonatal and the adult immune systems was 
further emphasised by the observation that the a-id response in the NOD mouse 
injected with BA.N 1:1.8 at 8 weeks of age persists for a long period of time (Paper VI, 
Figure 3). In contrast, the C57B1/6 mice, treated with the same ab at adult age, did not 
mount any significant a-id response. This would again argue for that the IS in the NOD 
mouse diverges from what is observed in normal mouse strains. Moreover, these 
results are compatible with observations demonstrating an extended survival of 
lymphoid cells in the NOD mouse compared to other strains (Leijon et al. to be 
published).

Influences on thymic cellular subsets by ab treatment

It has recently been shown that in the thymus of NOD mice, as well as in other 
autoimmune strains of mice, there is an increased number of B cells, compared to 
normal mice (Ikehara, et al., 1985, Watanabe, et al., 1991). Thymic B cells have been 
demonstrated to be present in the thymus during early development (Kimoto, et al.,
1989). To investigate if the neonatal ab treatment affects thymic cellular subsets, IgM+ 
cells were studied in thymii of NOD and C57B1/6. There was no difference in the 
number of thymic B cells in newborn mice between treated or untreated NOD and 
C57B1/6 mice (Paper VI, Table 1). However, thymii of old NOD mice contained 
significantly more B cells. An interesting observation was the drop in the number of 
IgM+ thymocytes at 2 weeks of age in NOD mice that were neonatally treated with 
BA.N 1:1.8 as compared to untreated NOD mice, or C57B1/6. Thus, the accumulation of 
B cells in the thymus of NOD mice is inhibited at a certain stage in BA.N 1:1.8 treated 
NOD mice. It has to be further investigated if this set of B cells is of importance for the 
development of the T cell repertoire and if the change in numbers of cells observed 
after treatment plays a role in the altered T cell repertoire of treated, nondiabetic mice. 
As discussed before, the B cells may have an influence on the selection of T cells in the 
thymus, and an inhibition of the number of B cells at a certain point in time could be of 
profound importance for the T lymphocyte development.
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To summarise:

By analysing the B lymphocyte repertoire development and the effect of the Ig induced 
modulation of the autoimmune process in the NOD mouse, we have shown that:

suppression of the early B cell development inhibits induction of insulitis and diabetes 
in the NOD mouse. Inhibition of the diabetes development can also be obtained by 
neonatal injection of polyclonal Ig or certain monoclonal natural antibodies. The effect 
of such antibodies is dependent on the dose given and the time administered.

highly connected, neonatally derived natural antibodies are germline encoded. 
Expression of such idiotypes in serum of normal mice follows a pattern of a dynamic, 
complex system, which is not observed in autoimmune individuals.

the NOD mouse develops a B cell repertoire that diverges from the B cell repertoires of 
normal mice in that it retains a neonatal pattern of Vh 7183 rearrangements. This 
pattern could be altered by neonatal injection of a particular natural antibody which, in 
addition, inhibits development of diabetes.
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