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ABSTRACT

The silencing and/or elimination of autoreactive clones in the B cell repertoire has
been shown to occur at both immature and mature stages of B cell development. A
number of factors which influence tolerance induction in B cells, such as the degree
of antigen receptor crosslinking and the presence or absence of co-stimulatory signals
have been identified. The main focus of the work presented in this thesis concerns an
investigation of two in vitro models of B cell tolerance. In the first, the capacity of
sIgM and sIgD receptors to generate negative signals was studied using slgM^
immature B lymphomas and their slgD^ transfectants. The data suggest that ligation
of both sig isotypes by anti-Ig antibodies induced tolerizing signals leading to growth
arrest in these cells. Extensive crosslinking of sIg was a key factor in inducing the
growth inhibition. Multimerization of sIgM, but not sIgD, resulted in apoptotic cell
death. In addition, extensive crosslinking of the transmembrane phosphatase CD45
with certain monoclonal antibodies caused growth inhibition, and induced apoptosis
in a fraction of the immature B lymphoma cells. Crosslinked CD45 enhanced the
growth inhibition induced by both anti-IgM and anti-IgD antibodies, suggesting CD45
may play a part in modulating tolerogenic signals generated via the antigen receptors
in immature B cells.
The second model employed mature murine splenic B lymphocytes. The data shows
that extensive crosslinking of either sIgM or sIgD by anti-Ig antibodies induced
unresponsiveness in these cells, leading to massive apoptotic cell death. Apoptotic
nuclei were detected within 4 hours after anti-Ig stimulation, but cells which survived
for 12 -1 6 hours were abortively activated, as evidenced by increased levels of MHC
Class II antigens. Both IL-4 and ligation of CD40 partially reversed the induction of
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sig-mediated apoptosis, and the two stimuli together caused almost complete reversal.
It is hoped that this system represents a polyclonal model of clonal deletion of mature
B cells by highly crosslinking antigens.
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CHAPTER 1

INTRODUCTION.

1.0.

General introduction.

Immunological tolerance is defined as a state of specific, antigen-induced
unresponsiveness to self. The immune system has the capacity to mount a response
to virtually any foreign organism, tissue or macromolecule, yet in normal function
avoids responding to self. Autoimmune disease results when the distinction between
self and non-self breaks down. The mechanisms of tolerance to self antigen in either
T or B lymphocytes are not yet clearly understood. This thesis presents data
concerning an investigation of two in vitro models of B cell tolerance acting at
different stages of B cell development. The molecules on the B cell surface
responsible for antigen recognition are the surface immunoglobulin (sig) receptors.
It is clear that the same cell surface Ig antigen receptors can deliver both activating
and tolerizing signals to B cells, therefore it is impossible to consider B cell tolerance
without also considering B cell activation. A wealth of information exists on the
biochemical signalling pathways underlying B cell activation, and on the structure of
the sig receptors, and these are discussed in the following sections. In addition, it is
also necessary to consider T cell tolerance in any discussion of B cell tolerance, as
T cells are known to be key regulators of the immune response. A brief description
of T cell tolerance is given below and in section 1.6.3.
Historically, the word tolerance was first applied to the field by Owen (1945),
who demonstrated that dizygotic cattle twins sharing a common placenta became
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tolerant to each others tissue antigens if they had exchanged embryonic blood. These
studies led Burnet and Fenner (1949) to predict that antigen introduced into the body
during embryonic life, before the immune system had developed, would be mistaken
for self and would not evoke an antibody response then, or if re-encountered later in
life. Experimental induction of tolerance was first shown by Billingham et al. (1953),
who injected spleen cells of adult mice into new bom mice of a different strain. Upon
maturation, the recipient mice were tolerant to skin grafts of the donor strain, but
rejected grafts of unrelated strains. These data, together with a number of subsequent
studies (reviewed in Nossal, 1983), led to the generally accepted conclusion that
antigens introduced in the perinatal period preferentially cause tolerance.
The development of Burnet’s clonal selection theory (1957) greatly increased
the understanding of tolerance, as if immune recognition is encoded in a population
of lymphocytes with one specificity per cell, then deletion of self-reactive clones
would elegantly account for self tolerance. This idea was further elaborated by
Lederberg (1959), who postulated that lymphocytes passed through an obligatory
paralyzable state early in their ontogeny, during which antigenic encounter would
silence or delete them (described as clonal abortion). If this early stage were passed
without antigenic encounter, the cell would become inducible, i.e. susceptible to
activation by clonal selection.
The discovery that lymphocytes could be separated into T and B cells (Miller
and Mitchell, 1969), led to a reappraisal of the simple Lederberg model for
prevention of autoimmunity. T cells were shown to be key regulators of the immune
response, essential for both humoral and cellular immunity. Therefore, it was
suggested that immunological tolerance could be achieved through clonal deletion or
silencing of T cells alone as in the absence of T cell collaboration autoreactive B cells
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would be unable to produce antibodies.
CD4^, a/jS T cell receptor (TCR) bearing T cells (described as T helper cells)
are thought to be orchestrators of the immune response, driving production of
antibodies, secretion of lymphokines and involved in regulation of cytotoxic T cell
clonal expansion. It is therefore particularly important that these CD4^ T cells
discriminate between non-self and self, responding well to the former and being
consistently unresponsive to the latter. Clonal deletion of immature T cells
(thymocytes) has been demonstrated using mice transgenic for autoreactive antigen
receptors (Kisielow et al., 1988), and has also been shown to occur in a nontransgenic mouse system using superantigens which engage a large and easily
observable percentage of all T cells (Kappler et al. , 1987, reviewed in Marrack et
al. , 1993). The clonal deletion, or negative selection, of thymocytes occurs in tandem
with development into mature T cells, or positive selection, in the thymus cortex.
Both these processes of selection involve reaction between TCRs on immature
thymocytes and self MHC molecules and peptides on presenting cells (reviewed in
von Boehmer, 1992). There is no clear understanding of how the TCR/MHC and
peptide interaction induces these opposing effects, death versus survival, but a number
of factors are thought to play a part in determining whether a thymocyte is deleted
or survives to develop into a mature T cell. These factors include the type of antigen
presenting cell a thymocyte encounters, and the particular microenvironments within
the thymus cortex (reviewed in Marrack et al. , 1993). An alternative proposal is that
positive selection depends on low affinity reactions between TCRs and MHC on any
cell encountered, whereas tolerance depends on moderate or higher affinity reactions
between the same TCR and MHC presenting cells (Sprent et ah, 1988). A number
of studies have also demonstrated mature T cell tolerance, using superantigen models
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or transgenic mouse models to show that mature T cells may become nonresponsive
or die when confronted with peripheral self antigens (reviewed in Marrack et al. ,
1993). Again, the mechanisms responsible for tolerance are not understood, although
the form of antigen presenting cell and the in vivo microenvironment in which mature
T cells encounter antigen are thought to be important in determining whether mature
T cells are tolerized or activated.
Marrack et al. (1993), have proposed that the default pathway of CD4^ T cells
confronted with antigen is tolerance rather than activation, and that these cells only
respond when they are presented with antigen in the simultaneous presence of some
non-specific inflammatory stimulus. These stimuli might include bacterial cell walls
components, a or

interferon or adjuvant. The stringent conditions for T helper cell

activation should ensure that autoreactive CD4^ T cell immune responses are
minimal, and prevent the specific T cell dependent activation of autoreactive B cells.
However, given that B cell precursors would not be tolerant of self, the possibility
arises that autoimmunization might follow if a self molecule came into association
with a foreign molecule that could act as a carrier, thus being capable of inaugurating
T cell help. Therefore, in order to prevent autoimmunity, tolerance mechanisms must
also act directly on B cells. Numerous studies have now demonstrated B cell tolerance
mechanisms acting at both immature and mature stages of B cell development
(reviewed in Nossal, 1983, Goodnow, 1992). The processes involve both clonal
deletion and functional silencing, and investigation of B cell tolerance is the main
interest of the present study.
B

lymphocytes

express

clonally

distributed

membrane

forms

of

immunoglobulin (Ig) receptors and in addition, following maturation to antibodysecreting cells, secrete soluble Ig. The membrane-bound antigen receptors are
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believed to have two major functions, firstly to provide specific B cells with the
ability to concentrate, process and present antigen to speciAc helper T lymphocytes
and secondly, to generate transmembrane signals that regulate cellular activity.
Surface Ig (sig) molecules on mature B cells act as receptors through which activation
signals may be transmitted to the cell following binding of multivalent antigen or antiIg antibodies used as surrogate antigen (reviewed in Cambier and Ransom, 1987).
However, generation of the primary V-region repertoire by Ig gene rearrangements
results in receptors with random specificity, and there is no evidence for a bias
against self specificity. Consequently, in order to avoid autoimmunity and maintain
a state of self tolerance, the specificity of the emerging lymphocytes must be
constantly surveyed, and autoreactive cells are functionally or physically eliminated.
These negative tolerizing signals are also mediated by the sig molecules following
binding of self antigen. As yet there is no clear understanding of the cellular and
molecular events leading to elimination or activation of B cells, and determining the
mechanisms of immunological tolerance (both B and T cell tolerance) to self antigens
remains a fundamental problem.

1.1.

B cell differentiation.

The stage of B cell development is believed to be involved in determining
whether B cells are activated or tolerized following antigen binding (Nossal, 1983).
The differentiation of haematopoietic stem cells into immunocompetent B cells, and
later fully mature antibody secreting cells or memory cells can be conveniently
divided into two distinct stages. The first stage of clonal development (precursor B
cells to immunocompetent B cells) is antigen independent and involves a series of
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differentiation steps which are controlled by the inductive microenvironment of
primary lymphoid tissues, which in mammals are the fetal liver and bone marrow for
B cells (and the thymus for T cells). The second stage is antigen dependent, and
occurs within the secondary lymphoid organs. Thus clonal selection through antigen
recognition results in expansion of specific clones which either terminally differentiate
into effectors, or give rise to memory cells.
The characteristic marker of the B lymphocytic lineage is the expression of
immunoglobulins, and a sequential hierarchy of Ig gene rearrangements and of
phenotypic changes takes place during B cell ontogeny (reviewed in Rolink and
Melchers, 1993). Lymphoid stem cells proliferate and differentiate into B cell
progenitors (also described as early pre-B cells), which undergo rearrangements of
D-J heavy chain gene regions, and represent the earliest indication of B lineage
commitment. Productive rearrangements on one allele arrests rearrangement on the
second allele (Weaver et al., 1985, reviewed in Borst et al., 1993). At this
developmental stage B cells express CD 19 (also known as B4), CD 10 (also described
as common acute lymphoblastic leukaemia antigen, CALLA) and MHC Class II
antigens (Hokland et al., 1985). The proliferating B cell progenitors are thought to
give rise to smaller pre-B cells (also described as late pre-B cells), which complete
heavy chain gene rearrangement and also rearrange light chain genes to express
cytoplasmic fi. Cell surface markers expressed by pre-B cells include CD 19, CD20
(also known as Bl) and Class II antigens (Hokland et al., 1985). Both progenitor and
pre-B cells also selectively express on their surface the products of two non
rearranging Ig-like genes, VpreB, which resembles a V domain, and X5, which
resembles a C domain (Sakaguichi and Melchers, 1986, Kudo and Melchers, 1987).
These proteins assemble non-covalently with each other to from a pseudo light chain.
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In B progenitor cells the pseudo light chain is thought to associate with a protein,
pl45, which anchors the complex in the plasma membrane. Expression of the pl45
protein is lost in pre-B cells, and X5 becomes disulphide linked to the fi chain. As the
B cells develop further, ^-X5-VpreB is replaced by classical sig molecules (reviewed
in Jongstra and Misener, 1993). The /*-X5-VpreB has been shown to mediate Ca^^
signals (Jongstra and Misener, 1993), and is thought to be involved in regulation of
Ig light chain gene rearrangements (Kitamura et û/., 1992). However, the exact
consequences of Ig receptor ligation in B cells, particularly pre-B cells, are far from
clear.
The pre-B cells develop into immature B cells which express surface IgM,
together with CD 19, CD20, CD21 (CR2), and Class II proteins. These immature B
cells are particularly susceptible to tolerance induction (reviewed in Nossal, 1983),
and, unlike their mature counterparts, do not re-express sig following capping with
anti-Ig antibodies (Raff et al. , 1975), which might correlate with their capacity to be
tolerized. As they mature, B cells synthesize and express IgD in addition to IgM, and
during this phase of differentiation whilst levels of sIgD increase, those of sIgM
decrease. A small proportion may additionally undergo switch recombination to Cy,
Ca or Ce gene segments, leading to sIgG, sIgA or sIgE expression, this latter
switching process being influenced by T cell derived factors. Resting (Gq)
immunocompetent B cells (IgM^IgD^) represent one of the major cellular components
of the immune system. Antigen, usually in conjunction with signals from Th cells,
induces resting B cells to enter cell cycle, to clonally expand and to differentiate into
antibody secreting cells or memory cells.
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1.2.

Structure of the Ig-receptor complex.

All five classes of immunoglobulin, IgM, IgD, IgA, IgE and IgG can be
expressed on the cell surface, although the majority of resting immunocompetent B
cells express sIgM and sIgD. It is not yet clear how the sig receptors are coupled to
their second messenger generating systems, as the short and conserved cytoplasmic
tails of the

and 6 heavy chains (lysine-valine-lysine) preclude a direct role in

signalling. However, both isotypes are non-covalently associated in the cell membrane
with disulphide-linked heterodimers of glycosylated transmembrane proteins. sIgM
and sIgD are associated with the subunits IgMa (pp32) and IgDa (pp33) respectively,
as well as the subunits pp34 (Ig-y) and pp37 (Ig-/3)(Hombach et al. , 1990, Campbell
and Cambier, 1990, Wienands et a/., 1990), each heterodimer consisting of an a
subunit disulphide-linked to a jS or y subunit. Sequence analyses have revealed that
Ig-j3 and Ig-7 are encoded by the B29 gene (Friedrich et al., 1993), and Ig-a is
encoded by the mb-1 gene, with apparent isotype-specific differences in molecular
weight due to differential N-linked glycosylation (Campbell et al. y 1991, Wienands
and Reth, 1991, Venkitaramen et a l, 1991).
The Ig associated complex appears to be involved in surface expression of all
five classes of surface Ig (Hombach et aï. , 1991, Venkitaramen et al. , 1991), but IgD
and IgG2b may be expressed on the cell surface in the absence of Ig-associated
complex (Venkitaramen et al. , 1991, Wienands and Reth, 1991). Wienands and Reth
(1992), have shown in studies on a murine myeloma that the Iga/IgjS independent
form of the IgD molecule is anchored in the plasma membrane through a glycosylphosphatidylinositol linker. However, the physiological significance of the two forms
of sIgD are not clear.
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The precise role of the Ig-associated proteins in Ig-mediated signal
transduction is not understood. However, Kim et al. (1993), used chimeric molecules
composed of the extracellular and transmembrane domains of CD 8a and the
cytoplasmic domains of Ig-a and Ig-jS to show the Ig associated proteins have a
signalling function. Crosslinking of these chimeric molecules with anti-CD8 antibody
induced tyrosine kinase activation and Ca^'*' mobilization in a B lymphoma line. In
addition. Gold et al. (1991) have shown that Iga and j3 are tyrosine phosphorylated
following receptor stimulation, and Clark et al. (1992) have suggested distinct roles
in signalling for Ig-a and Ig-jS subunits, as Ig-a but not Ig-/3 was found to associate
with src-family tyrosine kinases.

1.3.

Signal transduction via sig receptors.

The biochemical signals which underlie B cell activation, or B cell tolerance,
are not yet fully understood. However, numerous studies have indicated that sIgM
and sIgD induce similar early activation events upon crosslinking. Ligation of sig
results in the rapid hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP2) by a
specific phospholipase C, yielding the second messengers inositol 1,4,5 triphosphate
(IP3) and 1,2 diacylglycerol (DAG) (Bijsterbosch et al., 1985, Ransom et al., 1986,
Klaus et al., 1987). IP3 causes the release of calcium sequestered in internal stores,
and is also rapidly metabolized into other inositol polyphosphates such as inositol
1,3,4,5 tetraphosphate and inositol 1,3,4 triphosphate (Fahey et ah, 1987). These
inositol phosphates are thought to regulate plasma membrane Ca^"*" channels, allowing
Ca^^ ion influx and inducing a further sustained elevation of [Ca^^]; (Ransom et al.,
1988). The serine threonine kinase Protein Kinase C (PKC), translocates rapidly from
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the cytosolic to the membrane compartments following anti-Ig stimulation (Nel et al. ,
1986, Chen et al., 1986), where it is activated by DAG (Hombeck and Paul, 1986).
In a series of studies, Mond and co-workers have shown that B cell activation may
occur by PIP2 dependent and also PIP2 independent pathways (for example,
Brunswick et al. , 1989, Mond et al. , 1990, Brunswick et al. , 1991, Pecanha et al. ,
1991). These authors demonstrated B cell activation in the absence of detectable
increases in [Ca^^]; or detectable amounts of PKC, and suggest that other signal
transduction pathways, in addition to PIP2 hydrolysis, may be initiated by crosslinked
sig, culminating in B cell activation.
The precise molecular coupling between sIg and PLC activation is unclear.
There is evidence for both GTP-binding protein (G protein) involvement (Harnett and
Klaus, 1988, Gold et al. , 1987, Monroe and Haider, 1989), and the activation of
protein tyrosine kinases (Gold et al., 1990, Campbell and SeAon, 1990, Brunswick
et al., 1991). As yet neither the G protein(s) nor the operative G protein effectors are
known, although one candidate is p21 ™, which has been shown to co-redistribute with
ligated sig (Grazadei et al., 1990). Another possibility are the G^-like proteins G 14
and Gi5, which activate PLC-j8 . Wilkie et al. (1991), have shown that the a-subunit
of Gi5 is preferentially expressed in myeloid and B cell lineages, and G a^ is
expressed in bone marrow adherent (stromal) cells, certain early myeloid cells and
progenitor B cells.
On the other hand, several studies have used protein tyrosine kinase inhibitors
to show that tyrosine phosphorylation is important for PIP2 hydrolysis and PKC
activation, and is also a very early event in sig-mediated signalling (Carter et al.,
1991, Padeh et al., 1991).

Although the Ig receptor complex does not contain

intrinsic tyrosine kinase activity, several protein tyrosine kinases (PTK) have been
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shown to co-precipitate with the complex. These include the src family PTKs
p53/56*^, p59‘^ , p56‘‘"*' and pSS**"^ (Yamanashi et a l , 1991, Burkhart et a l , 1991,
Campbell and Sefton, 1992), the latter being the only src-tyrosine kinase which is
expressed exclusively in B cells (Dymecki et a l , 1990). In addition, a 72 kDa protein
kinase (PTK72), that may be the product of the syk gene (Taniguichi et a l , 1991),
is also associated with the Ig receptor (Hutchcroft et a l , 1991). Some of the PTK
substrates have been identified, and a number of them are molecules thought to be
important in signal transduction, although as yet their relative importance in B cell
signalling is not known. The substrates include the Ig-associated src PTKs themselves
(Yamanashi et a l, 1991, Burkhardt et a l, 1991), PTK72 (Hutchcroft et a l , 1991),
the vav proto-oncogene product (Bustello and Barbacid, 1992), the 42 kDa mitogenactivated protein kinases (MAP kinases)/extracellular signal regulated (ERK) kinases
(Cassilas et a l, 1991, Gold et a l, 1992b), sig-associated proteins Ig-a and Ig-jS
(Gold et a l, 1991), CD22 (Shulte et a l, 1992), PI3 kinase or an associated protein
(Yamanashi et a l , 1992, Gold et a l , 1992), and the p21”*GTPase-activating protein
(GAP) (Gold et a l , 1993). In addition, murine B cells express PLC72 and to a lesser
extent PLC7 I (Hempel and Defranco, 1991), and both of these related isoenzymes
are phosphorylated on tyrosine following stimulation of B cells with anti-Ig antibodies
(Padeh et a l , 1991, Carter et a l , 1991, Roifman and Wang, 1992), which is thought
to activate the PLC isoenzymes.
Together these studies have led to the suggestion that ligation of sig can
simultaneously activate PLC7 and PLC# isoforms via PTK and G-protein mediators,
respectively (reviewed in Defranco, 1992). Alternatively, the data may reflect the
combined control of a single PLC isotype. A precedent for the latter type of
regulation comes from the stimulation of PLC by the epidermal growth factor
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receptor in hepatocytes, which activates an inhibitory G protein (GJ, as well as
tyrosine phosphorylation (Yang et a/., 1991).
Within one hour of stimulation of B cells with anti-Ig, mRNA levels of the
immediate-early response genes egr-1, c-fos and c-myc are increased. In addition,
levels of mRNA encoding MHC Class II antigens increase, resulting in elevated
surface expression of Class II proteins detectable within six hours (reviewed in
Cambier and Campbell, 1990). The downstream events by which PKC and
presumably other kinases act to mediate changes in expression of the immediate early
response genes remain largely undefined. Ligation of B cell antigen receptors leads
to tyrosine phosphorylation of MAP serine kinases, which are implicated in the
phosphorylative control of transcription regulators (Cassilas et al. , 1991, Gold et aï. ,
1992). There is evidence that mig may activate MAP kinases by both PKC-dependent
and independent mechanisms (Gold et a l, 1992) via a cascade of several
serine/threonine kinases including raf kinase. Further downstream, the ets-1 proto
oncogene product, a DNA binding protein, is phosphorylated following ligation of
sig, and it has been suggested that calcium/calmodulin kinase II is the enzyme
responsible (Fisher et a/., 1991). These authors also suggest that phosphorylation of
Ets-1 is associated with an increase in c-fos transcription, but how this regulation is
brought about, or how ligation of sig activates this calcium/calmodulin kinase is still
unclear.

1.4.

The role of CD45 in regulation of signal transduction by antigen receptors.

Ligation of both B cell and T cell antigen receptors initiates a biochemical
cascade in which induction of protein tyrosine kinase activity is the earliest known
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event (reviewed in Cambier, 1993). Discovery of the importance of PTKs in signal
transduction via the TCR or sig receptor complexes has led to considerable interest
in the regulatory function of protein tyrosine phosphatases (PTPases), and their
possible role in B cell activation or tolerance induction. One such FTPase is CD45,
a transmembrane protein believed to be essential for the signal transduction function
of B and T cell antigen receptors in mature lymphocytes (Pingel and Thomas, 1989,
Justement et a l , 1991). CD45 (also known as T200, B220, Leucocyte Common
Antigen or Ly-5 in the mouse) is expressed on all nucleated cells of haematopoietic
origin (reviewed in Thomas and Lefrancois, 1988, Trowbridge, 1991), and defines
a family of isoforms ranging in Mr from 180 - 220 kDa. These are encoded by a
single gene with alternative splicing of three exons (designated 4, 5 and 6, which
encode the regions A, B and C respectively), generating eight possible isoforms. The
A, B and C exons are inserted close to the amino terminus, and contain multiple sites
for O-linked glycosylation. Thus, higher Mr isoforms are generated both by
modification of the polypeptide structure of the extracellular domain and by the
addition of carbohydrate. In contrast, the large intracellular domain of 705 amino
acids is highly conserved, and has intrinsic PTPase activity, independent of the
external domain (Ostergaard et al. , 1989).
CD45 splicing appears to be regulated in both a cell type-specific and a
developmental manner (Thomas and Lefrancois, 1988). Most mature B cells express
the highest molecular weight isoform of CD45, B220 (exons A, B and C) (Johnson
et a l, 1989), whilst mature T lymphocytes express multiple forms (reviewed in
Trowbridge, 1991). Monoclonal antibodies to CD45 have been used in lieu of a
known ligand to address the role of CD45 in signal transduction. The CD45 Abs can
be divided into those which recognise epitopes common to all members of the family
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(pan CD45), and those which recognise only particular isoforms, termed CD45R Abs.
This second group can be further subdivided according to the exon on which their
binding is dependent, e.g. CD45RB Abs recognise an epitope requiring expression
of the B exon, but could potentially recognise B, AB, BC, or ABC containing
isoforms (Trowbridge, 1991, Johnson et al. y 1989).
The structural variation in the extracellular domain of CD45, together with the
strictly regulated expression of the different isoforms, is thought to be of functional
significance, presumably allowing binding of specific ligands, and perhaps regulating
PTPase activity. As yet ligands for CD45 have not been identified. CD22, a B cell
transmembrane protein of unknown function, can bind CD45 (Stamenkovic et al. y
1991), but it is not clear whether CD22 is a physiological ligand of CD45.
Most studies on the function of CD45 have concentrated on its role in signal
transduction in T cells. Evidence for the involvement of CD45 in regulating TCR
signal transduction has come from analysis of TCR signalling in CD45-deficient
mouse T cell clones, which do not proliferate or produce cytokines in response to
antigen, or anti-TCR mAbs (Pingel and Thomas, 1989). Engagement of the TCR on
two different CD45-deficient T cell lines failed to induce PTK activity, PIP2
hydrolysis or increases in intracellular free calcium (Koretzky et al. y 1991).
Furthermore, Desai et al. (1993), using chimeric proteins containing the cytoplasmic
domain of CD45, have shown that this PTPase-containing domain was both necessary
and sufficient to restore TCR signalling in a CD45 deficient cell line. These studies
indicate that CD45 is required to couple the TCR to signalling pathways at a very
early stage, and Ostergaard et al. (1989) have suggested that the PTPase may regulate
the activity of p56'^"^ tyrosine kinase. In B cells, CD45 has been shown to coimmunoprecipitate with sig, and is required for sIg-mediated mobilisation of Ca^^
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(Justement et al., 1991). This suggests that, as for T cells, CD45 may regulate the
non-receptor PTKs associated with the sig complex.
In a number of studies in which CD45 is crosslinked to the TCR, inhibition
of cell proliferation and early TCR-mediated signal transduction events have been
observed (Ledbetter et al. , 1988). It has recently been suggested that inhibition of T
cell activation by CD45-TCR crosslinking is not specific for CD45, but is dependent
on the expression level of the surface protein to which the TCR is crosslinked
(Alexander et al. , 1992). Since CD45 is expressed on the T cell surface at a ratio of
ca. 10 : 1 with respect to TCR, if anti-TCR and anti-CD45 antibodies are used at
saturating concentrations, it is more probable that a TCR will be crosslinked to a
CD45 molecule, preventing TCR aggregation, and hence inducing non-specific
inhibition of TCR signal transduction. However, this model cannot account for a
number of studies where certain mAbs have negative effects on TCR-induced signals
even without mAh crosslinking, an effect dependent on CD45 PTPase activity
(Goldman et a l, 1992). Similarly, a number of studies in both murine B cells
(Yakura et al., 1983, Hasegawa et a l, 1990), and human B cells (Mittler et al.,
1987, Gruber et al., 1989) have shown CD45-mediated inhibition of antigen or anti-Ig
driven activation and differentiation in the absence of physical co-crosslinking of
CD45 and sig molecules. As yet it is not possible to reconcile the CD45-mediated
negative effects with the conclusion from studies on CD45-deficient lines that CD45
is essential for TCR and Ig signal transduction. Thus the precise role of CD45 in both
B and T cells is not yet clear.
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1.5.

Mechanisms of B cell activation.

Historically, self tolerance has been thought to involve a mirror image of the
processes involved in immunity (Goodnow, 1990). Therefore, an understanding of B
cell activation may aid the understanding of B cell tolerance. The immune response,
as defined by clonal selection theory (Burnet, 1957), is initiated by regulation of the
proliferation and differentiation of individual clones of lymphocytes, each of which
bears a unique antigen receptor produced by DNA recombination during lymphocyte
development. The generation of antibody secreting cells following primary
immunization requires the interaction of an immunogen with sIgM and/or sIgD which
are co-expressed by mature resting B lymphocytes. This interaction facilitates antigen
internalisation, processing and presentation, and also initiates transduction of
information across the plasma membrane.
Immunogens can be subdivided into three categories, type-1 thymus
independent antigens (TI-1), type-2 thymus independent (TI-2) antigens, and T cell
dependent (TD) antigens. TI-1 antigens elicit normal IgM primary responses in T cell
depleted animals or tissue cultures. In addition they have the capacity to stimulate
antibody responses in mice with the xid determined immune defect (CBA/N strain)
(Hosier et al., 1977), which appear to have an X-linked defect which prevents the
appearance of a relatively mature B cell subset. Typically they are polyclonal B cell
activators, for example, LPS or trinitrophenylate-Brucella abortus (TNP-BA). TI-2
antigens also stimulate IgM antibody responses in the absence of T cells, but fail to
induce an antibody response in mice with the xid defect. The TI-2 antigens are
typified by large polymeric molecules, often of bacterial origin, expressing repeating
epitopes (Feldman and Basten, 1971, Klaus et al., 1976), and they include
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polysaccharides such as dextran, Ficoll or levan, and polypeptides and their
multivalent hapten conjugates. Their effects on B cells are mimicked by polyclonal
heterologous anti-Ig antibodies. Characteristically the TI-2 antigens persist in the body
for a prolonged period, perhaps due to the absence of appropriate catabolic enzymes.
The fact that such molecules have the capacity to crosslink sig receptors with
relatively great efficiency is thought to underlie their ability to induce B cell
proliferation and differentiation without the requirement for cognate T cell help. TD
antigens, which include proteins and hapten-protein conjugates, are unable to
stimulate B cells singly, and require additional T cell derived stimuli to induce B cell
proliferation and differentiation. The TD antigens are usually paucivalent or
univalent, and are relatively poor crosslinkers of sig. The majority of monoclonal
anti-Ig antibodies mimic TD antigen effects (Cambier et al. , 1982, Rudddich et al. ,
1988).
Mond and co-workers (Brunswick et al. , 1988, Rehe et al. , 1991, Pecanha et
al. , 1991), have developed a model system to study the effects of TI-2 antigen on B
cells, using monoclonal anti-Ig antibody conjugated to high molecular weight dextran
(anti-Ig-dex), which tightly crosslinks the sig receptors. They showed that anti-Ig-dex
induced B cell proliferation and differentiation at very low concentrations (pico- or
nanogram/ml anti-Ig), which did not modulate sig expression, or generate detectable
levels of PKC activity or Ca^^ mobilisation. In contrast, the concentration of
unconjugated monoclonal anti-Ig (i.e. TD antigen) required to stimulate B cells
induced receptor downregulation, and marked PIP2 hydrolysis and PKC activation.
Since anti-Ig-dex does not modulate sig, it is able to mediate prolonged and repetitive
stimulation of the B cells. The authors suggest that this characteristic, of mediating
prolonged sig signalling, enables the TI-2 antigens to activate B cells in the absence
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of T cells, whereas TD antigens are unable to mediate repetitive sig signals and
require the added stimulation conferred by cognate T cell help to induce B cell
activation.
Activation of B lymphocytes from the resting Gqstate into cell cycle by signals
which crosslink their sig molecules is characterised by several sequential stages.
Within minutes/seconds of sig crosslinking PIP; hydrolysis, phosphorylation of
protein tyrosine and Ca^^ mobilisation can be detected, and later (within hours)
increases in a number of mRNA species such as those for c-myc, c-fos and Class II
MHC antigens. These events, together with cell enlargement and an increase in
membrane expression of Class II antigens, are thought to characterise the first stage
of B cell activation, a transitional excitation state between Go and G%, termed Gix
(Klaus e ra /., 1985).
Continued crosslinking of sig induces some transitionally activated B cells to
enter G^ of the cell cycle, characterised by synthesis of multiple RNA species
necessary for cell cycle progression, and increases in membrane expression of
cytokine receptors (Mongini et al. , 1991 and 1992). In the absence of T cell derived
factors, polyclonal anti-Ig antibodies and some monoclonal antibodies induce a
proportion of B cells to progress into S phase where they synthesis DNA necessary
for clonal expansion and further differentiation to antibody secreting cells. A number
of studies have shown that the physiological binding requirements for antigen or antiIg antibodies to induce the sequential stages of B cell activation differ significantly
(Mongini et a/., 1991, 1992). Antigen-stimulated signal transduction through sig is
dependent on ligand concentration, binding site valency and binding site affinity.
Induction of G^x was shown to have relatively low requirements for avidity and/or
capacity of anti-Ig to crosslink sig. The signalling of G, entry had intermediate
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requirements and the induction of S phase (in the absence of T cell help) had high
physiochemical binding requirements, fulfilled only by the extensive crosslinking of
polyclonal anti-Ig or TI-2 antigens.
TD antigens cannot directly induce B cell proliferation, and require helper
signals for their clonal expansion and further differentiation. This helper function is
provided by CD4^ helper T cells (Th), and includes both contact-mediated signals and
cytokines (reviewed in Parker, 1993). It has also been shown that T cell derived
helper signals, although not requisite, enhance the immune responses to TI-2 antigens
(Cambier et al., 1982). Interaction between Th cells and B cells can be conveniently
considered in a number of distinct phases: firstly, a recognition phase that results in
the formation of physical conjugates of Th and B cells. This phase involves
recognition via the TCR of processed antigen-MHC Class II complexes on B cells.
In addition, numerous other ligand-receptor pairs are thought to participate in the joint
recognition process, including CD4/Class II MHC, LFA-l/ICAM-1, CD2/LFA-3,
CD28/B7(BB1) and the heat stable antigen with its ligand. Some of these
adhesion/recognition molecules may also act as co-stimulatory molecules, modifying
the course of Th cell or B cell activation (reviewed in Parker, 1993). For example,
Linsley et al. , (1991), using Ig fusion proteins of B7 and CD28, have shown that B7Ig co-stimulates T cell proliferation via its interaction with CD28, and augments the
expression of IL-2 mRNA. In addition, there is consistent evidence that the LFA1/ICAM-l interactions at least enhance the delivery of T cell help (Tohma and
Lipsky, 1991). CD2 on the T cell has also been proposed to act in the delivery of
help (Sen et al., 1992), although other groups have reported no effect of anti-CD2
antibodies on delivery on non-cognate help (Tohma and Lipsky, 1991).
The second phase of T cell-B cell interaction involves activated T cells
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expressing cell surface molecule(s) which activate B cells in a Class II unrestricted,
antigen non-specific manner (Noelle et a l, 1991). A number of studies indicate that
CD40, a B cell membrane protein related to the nerve growth factor receptor, is the
major receptor on B cells that is triggered by activated Th cells (for example Lane
et al., 1993, Malisewsld et a l , 1993). The physiological ligand for CD40 (CD40L)
was identified as a novel 39 kDa Th cell membrane protein whose expression is
upregulated on activated Thl and Th2 cells (Armitage et a l , 1992). Recently
evidence has indicated that CD40L gene defects are responsible for X-linked hyperIgM syndrome (Aruffo et a l, 1993, Korthauer et a l , 1993, Guttler-Allen et a l ,
1993), showing the importance of this molecule in stimulating B cells in normal
conditions. Signalling through CD40 has been shown to involve a receptor-associated
tyrosine kinase resulting in the increased production of IP3 and the activation of a
number of serine/threonine kinases (reviewed in Noelle and Snow, 1993). Subsequent
to B cell activation, continued growth, differentiation and isotype switching are
dependent on lymphokines, in particular lL-4 and lL-5 in the mouse. Numerous
studies have shown that lL-4 is necessary and sufficient for Th cell dependent B cell
growth, whilst B cell differentiation to Ig synthesis involves both lL-4 and lL-5 (for
example Boom et a l , 1988, Noelle et a l , 1991, reviewed in Noelle and Snow,
1993).
It is now generally accepted that in T cells exposed to antigen, signalling via
the TCR is modulated by additional signals via non-antigen-specific accessory
membrane proteins, hence ensuring an appropriate response such as differentiation,
activation or tolerance. Recent studies suggest that this paradigm also applies also to
B lymphocytes. Signalling through sig requires CD45, as previously discussed. It is
also amplified by a complex of membrane proteins comprising CD 19-CR2-TAPA-1
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(reviewed in Fearon, 1993), which appear linked to the intracellular enzyme PI3kinase, and may also recruit the src kinase p59^. Antibodies to CD72, an integral
B cell membrane protein homologous to CD23, are also mitogenic for murine and
human B cells, alone or in combination with lymphokines (reviewed in Parker,
1993).The ligand for CD72 is CD5, which is expressed on all mature T cells and a
subset of B cells, and crosslinked anti-CD5 antibody delivers activating signals to T
cells (Van der Velde et a/., 1991). Whether the CD72/CD5 interaction is co
stimulatory for T cells, B cell or both in T/B collaboration is not yet clear. Finally,
mAbs to CD22, a marker of mature B cells and member of the Ig family, enhance
responses to anti-Ig (Clark. 1993). It remains to be determined how these different
transmembrane proteins interact with and modify sig-mediated signals in response to
ligation with antigen or anti-Ig.

1.6.

B cell tolerance.

The mechanisms by which B cells discriminate between self and non-self are
far from clear. However, numerous studies suggest that several mechanisms are
involved acting at both immature and mature stages of B cell development.

1.6.1.

Immature B cell tolerance.

Following the development of Burnet’s theory of clonal selection (1957), the
dominant explanation for self tolerance was the clonal abortion (or negative selection)
of autoreactive "forbidden" clones. This was believed to occur during a unique stage
in the development of each clone, immediately after the lymphocyte expresses its
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antigen receptor, and before it becomes competent to respond positively to antigenic
stimulation. The process of clonal abortion would filter out autoreactive clones from
the randomly generated repertoire.
The discovery of T and B lymphocytes necessitated a reappraisal of this simple
model for the prevention of autoimmunity (Miller and Mitchell, 1969). Autoreactive
B cells can readily be recovered from apparently normal animals or activated in situ
in experimental autoimmune disease (for example, Steele and Cunningham, 1976,
Temynck and Aurameas, 1986, Conger et al., 1987, Okamoto et al., 1992).
However, since antigen-specific B cells need to collaborate with antigen-specific T
cells to mount efficient antibody responses to the majority of foreign antigens, the
failure to produce antibodies to self antigens could merely reflect clonal deletion of
self antigen-specific T cells, rather than any change in the B cells themselves.
Nevertheless, a number of situations are possible where foreign antigen-specific T
cells could interact with self reactive-B cells. For example, a foreign antigen could
become non-covalently associated with self antigen, as in the interaction between a
viral DNA binding protein and self DNA, or when a foreign antigen cross-reacts with
a self antigen. The absence of high affinity autoantibodies to self antigens in these
situations therefore indicates that during the development of the immune system self
tolerance not only operates in T cells, but also in B cells.
The mechanisms of clonal abortion have been much investigated, and it is now
clear that immature B (and T) cells expressing autoreactive antigen receptors are
negatively regulated either through physical elimination (clonal deletion) or by
functional inactivation (clonal anergy). Clonal deletion of B cells was originally
suggested by in vitro and in vivo studies showing developmental failure and cell death
of immature B cells following treatment with anti-/* antibodies (Lawton et al. , 1974,
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Sidman and Unanue, 1975). More recent studies have dramatically demonstrated
clonal deletion of B cells using transgenic mice in which genes of an anti-H-?
antibody were introduced into mice of the H-2'' haplotype (Nemazee and Burki, 1989a
and b). These mice showed a reduction in B cell number and absence of the
transgenic idiotype in the remaining peripheral B cells. Similar deletion was observed
in double transgenic mice expressing both sig specific for hen egg lysozyme (HEL)
and a membrane bound form of HEL (Hartley et al. , 1991), and has been suggested
to account for B cell tolerance in mice transgenic for anti-CDS Ig fi chain
(Brombacher et al.^ 1991). There are also indications that autoreactive B cells are
deleted in Ig transgenic mice expressing a high affinity antibody to double stranded
DNA (Erikson et a l, 1991). Inactivation, or clonal anergy, was first observed by
Nossal and co-workers (Nossal and Pike, 1980, Pike et al. , 1982), who demonstrated
that low doses of antigen could render immature B cells specifically unresponsive to
antigenic and mitogenic stimulation. This type of tolerance was also demonstrated
using mice which are doubly transgenic for a secreted form of HEL and anti-HEL
sig, whose B cells are unresponsive to antigenic or mitogenic stimulation (Goodnow
et al., 1988). Anergy has also been inferred to account for the absence of secreted
anti-DNA antibody in transgenic mice expressing anti-single stranded DNA antibody
genes (Erikson et a l, 1991). In an interesting recent tolerance model, a variable
degree of both clonal anergy and clonal deletion has been inferred in sig transgenic
mice expressing an anti-erythrocyte autoantibody originally derived from the New
Zealand Black mouse strain (Okamoto et al., 1992). Compared with control mice
carrying either the heavy or light chain genes of this antibody, mice expressing heavy
plus light Ig chains exhibit fewer transgenic idiotype bearing B cells, suggesting
clonal deletion. The remaining B cells secrete antibody poorly in response to LPS,
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suggesting that they are anergic. Tolerance appears to break down spontaneously in
some of the mice, resulting in detectable levels of autoantibody bound to circulating
erythrocytes, leading to erythrocyte destruction and anaemia.
Very recent work has described a third potential mechanism for the induction
of B cell tolerance, whereby immature autoreactive B cells may attempt to alter their
antigen receptor specificity through Ig light chain gene rearrangement (Tiegs et al. ,
1993, Gay et al. , 1993). Such receptor editing may be a valuable means of salvaging
autoreactive B cells, but the physiological importance of this mechanism has not yet
been fully established.

1.6.2.

In vitro models for studving tolerance induction in immature B cells.

Ligation of sIgM on immature B cells induces unresponsiveness or cell death
and, as discussed above, is thought to reflect an important tolerance mechanism for
the functional or physical elimination of autoreactive B cells from the developing B
cell repertoire. A number of in vitro studies have used anti-Ig antibodies to crosslink
sig receptors of normal immature B cells, representing a polyclonal model for
studying the induction of immunological tolerance in immature B cells (Brines and
Klaus, 1991, Chang et al., 1991). However it would greatly simplify the study of
tolerance mechanisms if B cell lines were available which provide a model system.
The growth of the murine B lymphoma cell lines WEHI-231, CH31 and CH33 (Scott
et al,. 1985, Pennell and Scott, 1986) are also inhibited by anti-Ig antibodies, and this
may eventually result in apoptosis (Hasbold and Klaus, 1990, Benhamou et al.,
1990). The cell lines are slgM^, sIgD‘° or negative, and express MHC Class II
antigens, CD45, Fc receptors and CD5. They are therefore phenotypically similar to
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immature or neonatal B cells, suggesting that these lymphomas may provide a model
for studying B cell tolerance (Pennell and Scott, 1986).
The intracellular signals that control growth arrest and apoptosis in the
immature B cells and their neoplastic counterparts are largely unknown. However,
there is evidence that ligation of sIgM on immature B cells and immature B
lymphomas triggers both the phosphoinositide pathway (Fahey and Defranco, 1987,
Monroe et al. , 1989, Page et al. , 1991), and results in activation of tyrosine kinases
(Gold et al. , 1990, Campbell and Sefton, 1990). It has also been shown that anti-IgM
or anti-kappa antibodies cause WEHI-231 cells to arrest in the

phase of the cell

cycle (Scott et al. , 1986), and failure of cells to progress through cell cycle accounts
for the growth arrest in the B lymphoma.
It has been proposed that when the maturing B cells express sIgD they are no
longer capable of being tolerized (Cambier et al. , 1977, Scott et al: 1977, Vitteta et
al., 1977). Both WEHI-231 and CH33 cell lines have been transfected with ô-chain
genes, producing the stable daughter lines WEHI-ôM (Wienands et al. , 1990) and
ECH408-1 (Alez-Martinez et al., 1988), respectively which express high levels of
sIgD. These transfectant lines therefore provide systems to examine the function of
sIgD in B cell physiology.

1.6.3.

Tolerance in mature B cells.

Both B and T cells recognise antigen through evolutionarily related antigen
receptors, the sig receptors and the TCR, respectively. The antigen binding site of
Ig molecules, and probably of the TCR, is formed primarily by the juxtaposition of
six hypervariable polypeptide loops, the complementarity determining regions
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(CDRs), three of which are encoded within each variable (V) domain of paired heavy
and light Ig chains or a and

TCR chains. Individual CDRs are numbered (CDRl,

CDR2 and CDR3) in the order in which they occur in the primary sequence of each
V domain. The TCR recognises foreign or self peptides complexed to self MHC
molecules. Davis and Bjorkman (1988), have proposed that CDRl and CDR2 of the
TCR, which show moderate diversity between different T cells, contact the MHC
protein which also displays only moderate diversity, whereas CDR3, which shows
great sequence diversity contacts the peptide. This model implies that TCR sequence
diversity can be generated by somatic rearrangements of variable (V), diversity (D)
and joining (J) segments within the thymus, as CDRl and CDR2 are encoded within
Va and VjS germline gene segments and CDR3 is encoded by the V ia or VDJj3
junction where sequence diversity approaches randomness (Davis and Bjorkman,
1988). Since the entire repertoire of TCR specificities is generated by gene
rearrangements within the thymus, and V region specificity of a given T cell does not
change once that cell has emigrated from the thymus, T cells reacting strongly with
self antigens will arise only in this site. Therefore self tolerance in the T cell
repertoire is imprinted predominantly by "central" mechanisms of clonal deletion or
inactivation (negative selection) acting within the thymus (reviewed in Goodnow,
1990).
In contrast to the TCR, immunoglobulins appear capable of binding to any
ligand with a defined structure, including proteins, carbohydrates, nucleic acids and
small molecules or side chains. In addition, antibody-antigen interaction must be of
high affinity in order to generate the irreversible binding necessary for neutralisation
of viruses or toxins, or to opsonise microorganisms. The antibody residues that
contact the antigen are derived from all three CDRs of the heavy and light chains.
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and it is therefore necessary for the antibody molecule repertoire to generate greater
diversity in CDRl and CDR2 than is found in the TCR repertoire. In mammals, the
Ig V region repertoire is generated in two phases. In the first a preimmune repertoire
of B cell clones expressing predominantly lower affinity antibodies is generated by
V-D-J recombination in the bone marrow and fetal liver, resulting in mature primary
slgM^sIgD^ B cells. Secondly, after contact with foreign antigen and Th cells in
peripheral lymphoid organs a poorly understood process of somatic hypermutation
occurs, which introduces point mutations throughout the V» and

regions, and thus

generates variability in all three CDRs. Successive cycles of hypermutation and
continuous selection by antigen of cells with high affinity sig receptors specific for
that antigen are thought to account for the process of affinity maturation of the
antibody response during the establishment of B cell memory, and result in an
immune repertoire of secondary B cells programmed to produce high affinity
antibodies (reviewed in Rajewsky et a l, 1987).
It has now been demonstrated that somatic hypermutation and affinity
maturation of immunoglobulins are associated with the generation of memory B cells
in germinal centres (reviewed in Rajewsky, 1992). Berek et a l (1991) have shown
that somatic antibody mutants accumulate and are selected for high antigen binding
affinity in purified populations of splenic germinal centre B cells in the course of an
immune response. In addition, Jacob et a l (1991), demonstrated ongoing somatic
hypermutation in B cell populations picked from individual germinal centres involved
in a particular immune response, and identified in histological sections. The latter
authors also showed that B cells proliferating in neighbouring periarteriola sheathassociated foci did not undergo hypermutation. While the mechanisms of somatic
hypermutation are not yet understood, a model has been proposed by Maclennan and
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colleagues to account for the generation and selection of mutant cells (reviewed in
Maclennan and Grey, 1986). Cells recruited into germinal centres accumulate somatic
mutations during proliferative expansion as centroblasts. These differentiate into
centrocytes, resting cells destined to apoptotic death unless rescued by specific signals
delivered by the microenvironment. One of these signals is given by antigen deposited
on the surface of the germinal centre follicular dendritic cells (FDCs) through the sig
receptors of the responding cells, and provides the basis for the selection of high
affinity mutants. Recent evidence suggests that antibody selection is not only
determined by affinity for the antigen, but also by the rate of antigen binding,
favouring the selection of cells which bind to their target antigen rapidly (Foote and
Milstein, 1991). Such rapidly binding cells may be particularly successful in the
competition for FDC binding and hence escape apoptotic death.
The CD40 protein on the B cell surface appears to deliver a second signal
required for the generation of long-lived memory B cells in germinal centres (Liu et
al., 1989). Another set of signals are soluble CD23 and IL -la, which may drive the
cells to plasmablast differentiation, rather than memory cell differentiation (Liu et al. ,
1991a). The rescue of centrocytes from apoptosis by these signals is thought to
involve the induction of bcl-2 protein expression (Liu et al. , 1991b), a gene product
which is known to be involved in rapid programmed cell death in a number of
lymphocyte models (Hockenbury et al., 1990, Ishida et al., 1992). Throughout the
process of mutation generation, which coincides with germinal centre development
(Weiss et al., 1992), there appears to be stringent selection of B cells that express
functional sig with high affinity for antigen, and cells unable to express their sig
receptors are rapidly eliminated from the system.
The fact that only the preimmune mammalian B cell repertoire, in contrast to
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the T cell repertoire, is formed by V-D-J recombination within primary lymphoid
organs has important implications for self tolerance (reviewed in Goodnow, 1990).
Since most immature B cells arising by gene recombination in the preimmune
repertoire express sig antigen receptors with relatively low affinity, self reactive cells
at this stage of B cell development are unlikely to bind sufficient levels of self antigen
to be rendered tolerant, with the exception of those self antigens that are present at
very high concentration or in multivalent form. In addition, somatic hypermutation
may generate antibodies with new specificities, not seen in the preimmune repertoire.
For example, hypermutation could result in a non-self specific B cell acquiring a new
autoreactive specificity (Diamond and Scharff, 1984), or convert a nontolerant B cell
with low affinity into a high affinity, potentially pathogenic autoantibody producing
B cell clone. Given the various possibilities for collaboration between autoreactive B
cells and foreign antigen specific T cells, it is therefore essential for B cell tolerance
to be induced not only by central mechanisms within the bone marrow acting on
immature B cells, but also by peripheral mechanisms with the potential to silence
mature autoreactive B cells following hypermutation in secondary lymphoid tissues.
It is thought that several mechanisms exist to limit the damaging potential of
mature immunocompetent lymphocytes (both B and T) possessing antigen receptors
specific for self. Firstly, many self antigens are sequestered from the immune system
and are not normally presented at adequate levels in a form that can be recognised by
autoreactive cells. Another mechanism that has been proposed is the specific
suppression of autoreactive cells by a special regulatory immune response directed
against either self antigens or the idiotypes of the autoreactive antigen receptors.
However, active suppression has not been definitively demonstrated, and remains to
be adequately explained (reviewed in Parker and Eynon, 1991). Thirdly, it has been
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shown that mature autoreactive B cells are inactivated, or deleted in the peripheral
lymphoid organs and tissues as they recirculate and encounter self antigen. Direct
evidence for this latter proposal comes from studies using transgenic mouse models,
which demonstrated the induction of both clonal anergy and clonal deletion in mature
B cells (Goodnow et al.j 1989, Russell et al., 1991,). Ligation of both sIgM and
sIgD produces seemingly identical tolerizing effects (Brink et a l , 1992).

1.6.4.

Parameters which influence B cell tolerance.

Several factors are thought to be involved in determining whether self-reactive
B cells are deleted, rendered anergic or activated, including i) the stage of B cell
development, ii) the degree of receptor engagement, and iii) the presence of additional
signals.
i) The state of maturity of B cells.
It has been proposed that sig-crosslinking in immature B cells (slgM^) triggers a
developmentally hard-wired negative response (reviewed in Nossal, 1983), whereas
mature B cells (slgM^sIgD^) may be activated or tolerized by multivalent antigens.
Several lines of evidence support this idea: firstly, in vitro inactivation and/or
elimination of B cells is more easily achieved in immature than mature B cells (for
example, Sidman and Unanue, 1975). Secondly, immature and mature B cells exhibit
differences in their intracellular biochemical responses following anti-Ig stimulation
(Seyfert et al. , 1990, Yellen et al. , 1991) Thirdly, highly multivalent antigen such as
membrane-bound H-2K (Nemazee et al., 1989), and membrane-bound lysozyme
(Hartley et al., 1991) induce deletion of immature B cells, which is consistent with
the idea of antigen receptor multimerization triggering a negative response at this
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developmental stage. Mature B cells, by contrast, are activated by multivalent
antigens and anti-Ig antibodies in a T cell independent manner (Klaus et al., 1976).
ii)

Receptor affinity and degree of receptor crosslinking

Dose response studies of B cell inactivation (and activation) in a variety of model
systems have repeatedly emphasized the importance of factors such as Ig affinity and
antigen valency (reviewed in Nossal, 1983), and suggest that immature (IgM^) self
reactive B cells may need to bind a critical threshold of self antigen to be rendered
tolerant. Goodnow et al. (1988 and 1989), using the HEL transgenic mouse model,
have shown that low affinity self reactive B cells were not rendered tolerant.
Similarly high-affinity anti-lysozyme B cells were not anergised in transgenic mice
expressing very low concentrations of lysozyme when fewer than 5% of the sig
receptors were occupied with lysozyme in vivo. Such studies suggest that the
threshold for tolerance induction is determined by self antigen concentration and B
cell receptor affinity.
Further, an apparently distinct signalling threshold triggers clonal deletion in
the transgenic mouse models, as indicated by the induction of immature B cell
deletion by extensively crosslinking, multivalent membrane-bound self antigen
(Nemazee et al. , 1989a and b. Hartley et al. , 1991). Parallel findings have also been
drawn from dose response studies of immature B cells cultured with anti-IgM
antibodies in vitro, with low doses of anti-Ig leading to B cell functional inactivation
without abolishing sig expression, whereas high doses of anti-Ig modulate sig
expression in an apparently irreversible manner (Sidman and Unanue, 1975, Raff et
ah, 1975, Pike et a l, 1982). The most widely accepted interpretation of these
findings is the signalling threshold model. This suggests that B cell anergy is induced
by poorly crosslinking antigens recognised with low affinity whilst multivalent
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antigens recognised with high affinity induce clonal deletion (reviewed in Weigel and
Perelson, 1981, Goodnow, 1992).
Numerous studies have previously demonstrated that crosslinking of sIgM or
sIgD receptors on mature B cells induces activation and DNA synthesis (for example,
Parker, 1975, Pure and Vitetta, 1980). However, clonal anergy and clonal deletion
have also been demonstrated in mature B cells (Goodnow et al. , 1989, Russell et al. ,
1991), suggesting that sig has the capacity to mediate both negative tolerizing signals
and positive activational signals at this stage of development. One model proposed to
explain the parallel occurrence of either tolerance or activation in mature B
lymphocytes was that proposed by Bretscher and Cohn (1970), and discussed below,
suggesting that B cell activation requires antigen plus additional T helper signals. On
the other hand, Linton et al. (1991) have suggested that resting mature B cells are
resistant to tolerization, but that cells enter a tolerance-sensitive window following
activation (and in the absence of T cell help), en route to becoming B memory cells.
This is in line with a study by Johnson and Jemmerson (1992), who showed that
resting cytochrome-specific B memory cells can be rapidly tolerized by exposure to
polymerised (but not monomeric) cytochrome c in the absence of T cell help.
The signalling threshold model undoubtedly also applies to mature B cells, in
that a relatively low degree of sig crosslinking, i.e. engaging only a fraction of the
total sig, favours the formation of small clusters of receptors optimal for generating
activation signals (Dintzis et al. , 1976). More extensive receptor crosslinking, causing
a high degree of multimerization would induce tolerance either by anergy or deletion.
In support of the latter proposal, a number of studies of B cell activation and
inactivation

have

produced

evidence

for

functional

differences

in

the

immunogenic/tolerogenic properties of poorly crosslinking antigens or hapten-carrier
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conjugates of different length and valency (reviewed in Klaus et a l , 1976, Nossal,
1983, Cambier and Ransom, 1987).
iii)

Presence or absence of co-stimulatory signals

The two signal model of immune induction proposed by Bretscher and Cohn (1970,
and reviewed in Bretscher, 1992), postulated that lymphocyte activation (both B and
T) requires two signals, the first resulting from antigen binding to sig (or TCR) and
the second supplied by T helper cells. The mature cell is tolerized when it encounters
an antigen but fails to receive a second signal. Preferential induction of tolerance in
immature lymphocytes was suggested to result from the cells being more sensitive to
negative signals, or not yet responsive to second signals (reviewed in Nossal, 1983).
It now seems likely that B cell responses to antigen may be more complex than
envisaged in such a simple model. For example quantitative differences in sig
signalling (signal 1) may modify the extent to which B cells depend on signal 2, as
suggested by the relatively T cell-independent activation of mature B cells by highly
multivalent antigens or anti-Ig-conjugates (reviewed in Cambier and Ransom, 1987).
In addition, the T cell derived signal 2 is itself highly complex and, as discussed in
section 1.5, includes both secreted mediators such as IL-4 and IL-5, and cognate cell
cell signals resulting from paired cell surface ligands such as TCR/MHC Class II,
CD40 ligand/CD40 and numerous others (reviewed in Noelle and Snow, 1992,
Parker, 1993). The exact function of many of these signals have yet to be defined.
The ligand pairs may be involved in recognition and adhesion of interacting B and T
cells, or mediate co-stimulation of the cells. The potential for synergy or antagonism
between the various cell surface receptors and secreted interleukins offers an array
of in vivo possibilities, and it remains to be determined how the events fit together
in order to induce tolerance or activation.
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1.7.

Objectives of the current studies.

Immunological tolerance has been shown to act at both immature and mature
stages of B cell development, and a number of factors which influence tolerance
induction, such as the degree of antigen receptor occupancy and crosslinking, and the
presence of co-stimulatory signals, have been identitied. However, understanding the
mechanisms of tolerance to self antigen remains a fundamental problem in
Immunology. The main focus of the work presented in this thesis concerns an
investigation of two in vitro models of B cell tolerance. In the first, the role of sIgM
and sIgD receptors in inducing B cell tolerance was studied using IgM^ immature B
cell lymphomas and their slgD^ transfectants. The possibility that CD45 might
regulate signal transduction through sig in the immature B lymphomas was also
studied. The second model involved mature B lymphocytes isolated from mouse
spleen, and investigated the role of the degree of sIgM and sIgD crosslinking in
tolerance induction. In addition, the effects of various T helper cell derived factors
on the induction of mature B cell tolerance was studied in an effort to elucidate the
parallel occurrence of activation and tolerance in these cells.
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CHAPTER 2

MATERIALS AND METHODS.

2.1. Cell and antibody preparations.

2.1.1.

B cell lymphomas.

The three Lyl^, sIgM+ B cell lymphomas WEHI-231, CH33 and CH31 were
used throughout these experiments. WEHI-231 expresses MHC H-2K° and arose in
a (BALB/c x NZB)Fi mouse after mineral oil induction (Warner et a l , 1979). The
CH series of B lymphomas was induced in B10.H-2‘H-4**p/wts mice by
hyperimmunisation with SRBC (Pennell et al., 1985), and express H-2K^. All three
lines were maintained in TC medium (see section 2.3.2) in humidified 6 % CO2 at
37°C, and grow as single cell suspensions with occasional aggregates. Cultures were
split twice weekly.
An IgD-transfectant of WEHI-231, designated WEHI-ôM was kindly donated
by Dr. J. Wienands. The b vector pSVôm, which carries the membrane form of the
mouse CÔ gene with the B l -8 V» gene (Wienands et a l , 1990), was used for
transfection of the parental line. An IgD-transfectant of CH33, designated ECH408-1
(Ales-Martinez et al. , 1988), was donated by Dr. D.W. Scott. In this line a construct
containing the membrane form of a ô chain C region (allotype a) and the

T 1 5 -V h

region from plasmacytoma 8107 inserted into a pSV2-gpt plasmid was used for
transfection. Both the b transfectants were maintained at 37°C in a 6 % CO2

atmosphere in TC medium plus 900 ng/ml mycophenolic acid, 250 /ig/ml xanthine,
15^g/ml hypoxanthine. For some experiments WEHI-231 and CH33 (and the ô
transfectants were adapted to grow in serum-free medium. Cells were maintained in
TC medium which lacked PCS, and was instead supplemented with 1% nutridoma-SP
(SF medium). The d-transfectants were maintained in SF medium supplemented with
mycophenolic acid, xanthine and hypoxanthine as above. All lines were regularly
tested for mycoplasma contamination.

2.1.2.

T cell lines and supernatants.

The D10.G4.1 cell line is a cloned AKR/J THj line specific for conalbumin
in the context of I-A^, originally described by Kaye et al. (1983). The cells were
cultured in MEM complete medium (see section 2.3.3.) supplemented on day 1 with
antigen (conalbumin) at a final concentration of 100 /xg/ml, antigen presenting cells
(APC; total spleen cells from CBA/CA mice irradiated at 3,(XX) rads) at a final
concentration of 5 x 10^/ml and 1 unit/ml HrIL-2. These cells were maintained at
37°C and in a 6 % CO2 atmosphere. On day 5 the cells were washed (Ix, 500 x g for
10 minutes) into fresh MEM complete medium supplemented with 1 unit/ml HrIL-2
and maintained as above for a further 3 days. On day 8 a similar procedure to day
1 was employed. Cells that were required for assay were left for a further 48 h before
use (i.e. 10 days after they last received antigen).
A variant of the original clone, designated DIO.D, which grows in response
to anti-TCR mAbs, IL-2 or IL-4 in the absence of APCs was kindly provided by Dr.
T. Mossman (DNAX Res.Inst. Palo Alto, C.A.). DIO.D cells were maintained in TC
medium supplemented with 1 unit/ml HrIL-2 at 37°C in a 6 % CO2 atmosphere.
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Irradiated (10,000 rads) or fixed activated T cells (FAT cells, see section
2.2.5.) were included in growth inhibition assays (see section 2.4.1.) at 10* per well.
In some experiments supernatants from the T cell clones were tested for activity in
growth inhibition assays. Supernatants were collected 16 h after stimulation of the T
cell clones.

2.1.3.

Storage of cells in liquid nitrogen.

All stocks of the cells lines used during these experiments were stored in
liquid nitrogen. Aliquots of cells (5 x 10^/ml) were recovered from culture and
resuspended in TC medium containing 10% PCS and 10% (v/v) DMSO. The vials
of cells were placed in a Cryo 1°C Freezing Container (Nalgene, Techmate Ltd.
Milton Keynes UK) and incubated at -70°C. After 24 hours the cells were placed in
liquid nitrogen storage tanks.
When required, frozen cells were thawed rapidly at 37°C, washed (Ix, 500
X g for 10 minutes) and diluted into the appropriate media for culturing.

2.1.4.

Antibodies.

The following mAbs were used: b.7.6 (rat IgGi anti-/x, Julius et al., 1984),
AK4 and AK7 (rat IgGg. and IgGi anti /x respectively, Leptin, 1985), 1.19 (rat IgG2*
anti-ô, kindly provided by Dr. R.M.E. Parkhouse), JA12.5 (rat IgG2b anti-0, kindly
provided by Dr. J.C. Cambier), AMS28.1.1 (mouse IgG2b anti-Igh^* allotype,
obtained from ATCC), LO-MD-7 (rat anti-ô, kindly provided by Dr. H. Bazin)
YTH34.5Gi, YTH34 .5 G2.,and YTH34 .5 G2b (IgGi, IgGi. and IgG2banti-CAMPATH-1
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respectively, kindly provided by Prof. H. Waldmann), NIMR-4 (rat IgGg^ anti-MHC
Class II, also provided by Dr. R.M.E. Parkhouse), 11.4.1 (mouse IgG2. anti-H-2-K*',
obtained from ATCC), MB4B4 and 23G2 (both rat IgG2« anti-CD45RB, Birkeland et
a/., 1988), C363.1A (rat IgG2. anti-CD45RB, Johnson et aZ., 1989), M1/9.3.4.HL2
(rat IgG2a anti-CD45, obtained from ATCC, hereafter referred to as M l-93),
YTS165.1 and YW63.3 (both rat IgG^ anti-CD45, also provided by Prof. H.
Waldmann), 14.8 (rat IgG2b anti-CD45RA, obtained from ATCC), RA3.3A1 and
RA3.2C2 (both rat IgM, obtained from ATCC), 0X12 (rat IgM anti-kappa light
chain, kindly provided by Dr. A. Williams), PY-72 and 4G10 (mouse IgGi and IgG%
anti-phosphotyrosine respectively, kindly provided by Dr. S. Ley), 24G2 (rat IgG2b
anti-mouse FcRIII, obtained from ATCC), 145-2C11 (hamster anti-mouse CD3,
obtained from ATCC).
The antibodies were purified from tissue culture supernatants by affinity
chromatography on Protein G-Sepharose (Pharmacia). Normal rat Ig, used as an
irrelevant control, was Protein-A purified. Aliqots of antibodies were biotinylated
using NHS-long arm biotin (Vector Laboratories, Peterborough, G.B.) at a ratio of
biotin : protein of 1 : 10 (w/w), or were fluoresceinated by standard methods. F(ab ’)2
fragments of affinity purified 1.19 were prepared as previously described
(Hawrylowicz et a l , 1984).

2.1.5.

Lymphokine preparations.

Purified rIL -la and rlL-ljS were a gift from Dr. B.Champion (Glaxo Group
Research). IL-2-, IL-4-, or IL-5-containing supernatants were from subclones of the
X63 Ag8-653 myeloma stably transfected with the IL-2 containing plasmid 14-19-2F,
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the IL-4 containing plasmid pSP6k-mIL4274, or the IL-5 containing plasmid pS6 kmTRF23, kindly provided by Dr. F. Melchers (Basle Institute for Immunology,
Basle, Switzerland) (Karasuyama et al., 1988). One unit of IL-2 or IL-4 activity is
defined as the dilution of supernatant required to give 50% of maximum pH]TdR
incorporation in the HT2 T cell line, whereas IL-5 was similarly assayed on the
BCLl B cell lymphoma. Purified recombinant IL-4 was kindly donated by Dr. A.
O’Garra (DNAX Research Institute, Palo Alto, C.A.). Purified IL-10 was kindly
provided by Dr. K. Moore, DNAX Research Institute).

2.1.6.

Experimental animals.

(CBA X C57Bl/10)Fi mice were bred under specific pathogen free conditions
at the National Institute for Medical Research (N.I.M.R.). Generally, these mice were
used at 4-6 months of age.

2.1.7.

Preparation of small dense B cells.

Small dense resting B cells were purified using the method of Bijsterbosch et
al. (1985). Briefly, spleens from 4-6 months old mice were pressed through a sterile
metal gauze to give a crude cell suspension in TC medium. T cells were depleted by
addition of anti-Thy-1 Ab NIMR-1 and guinea pig complement (see section 2.2.4.).
Usually, 3 ml of complement (1:3 final) plus 300^1 NIMR-1 (1:30 final) were added
to 5.7 ml of TC medium containing the cells from 3 spleens. The resulting cell
suspension was incubated for 40 minutes at 37®C, before washing (2x, 500 x g for
10 minutes) in TC medium. Finally, the cells were layered onto discontinuous Percoll
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gradients (see section 2.2.3.) comprising 50%-75%-85% Percoll and spun at 1200 x
g for 15 minutes at 4°C. This procedure separates small dense B cells from pre
activated blast cells, erythrocytes and dead cells, with the small dense B cells
accumulating at the 75 %-85 % interface. These cells were recovered and the resulting
preparations were shown to comprise more than 90% surface immunoglobulin positive
cells as determined by immunofluorescence staining using FITC-labelled mouse antiIg.

2.2. General materials and methods.

2.2.1.

Reagents.

Foetal calf serum (FCS) was purchased from Flow Laboratories (High
Wycombe, Bucks,UK), Gibco (Paisley, Scotland) and Globepharm (Esher,
Surrey,UK). Protein A and protein G- coupled sepharose, and Percoll were obtained
from Pharmacia (Uppsala, Sweden). PCS scintillation fluid and the BCL Western
blotting products were purchased from Amersham International plc.(Amersham,
Bucks.UK). Propidium iodide, avidin, ribonuclease A and Bovine serum albumin
(BSA) were all purchased

from

Sigma (Poole,

Dorset,

UK).

Bacterial

lipopolysaccharide (LPS, E.coli 0.55:B5) was from Difco (Detroit, Mi). NutridomaSP serum-free media supplement and proteinase K were both obtained from
Boehringer Mannheim, (Lewes, Sussex, UK). Agarose SeaKem GTG was obtained
from EMC Bioproducts supplied by Flowgen (Sittingboume, Kent, UK). Streptavidin,
genistein and Herbimycin A was purchased from Calbiochem (Novabiochem (UK)
Ltd, Nottingham, UK). Immobilon-P PVDF Transfer membranes were from Millipore
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(Harrow, Middlesex, UK). Reduced streptolysin O (SL-O) was from Wellcome
Diagnostics (Beckenham, Kent, UK).

2.2.2.

Isotopes.

[6 -^H]-thymidine (spec. act. 5 Ci/mmol) and [5,6-%-uridine (spec. act. 44
Ci/mmol) were obtained from Amersham International pic. (Amersham, Bucks UK).
All other reagents used were of the highest grade available from either Sigma
or BDH chemicals Ltd.

2.2.3.

Percoll gradients.

Stock (100%) Percoll was prepared by mixing commercially supplied Percoll
with lOx PBS (prepared by N.I.M.R. media kitchen) to a ratio of 9:1 (v/v). This
was subsequently diluted with PBS to give the desired Percoll density. Discontinuous
Percoll gradients were then made by layering 2.5 ml aliquots of decreasing densities
into 10 ml glass tubes. The gradients comprised 50%-75%-85% layers of Percoll.

2.2.4.

Complement.

Complement was prepared on site from the N.I.M.R. Guinea pig colony.
Briefly, blood was taken by heart puncture from animals anaesthetized with Sagatal,
and allowed to clot at room temperature. After cooling at 4°C, the serum was
removed, adsorbed with agarose, centrifuged at 1200 x g and then stored at -70°C
until required. Immediately prior to use a stock solution of the serum was prepared
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by diluting 1:3 (v/v) with TC medium (see section 2.3.2.).

2.2.5.

Preparation of fixed activated T cells (FAT cells).

D10.G4.1 or DIO.D T cells (1 x 10^/ml) were stimulated with concanavalin
A (2 ^g/ml) or soluble anti-TCR mAb - 14S2C11 (10 ng/ml) at 37®C for 16 - 24 h.
In some experiments T cells were activated with immobilised anti-TCR antibody, in
tissue culture flasks coated with 10 /^g/ml 145-2C11, and harvested using a cell
scraper. Concanavilin A-activated cells were washed (2x, 500 x g for 10 minutes) and
resuspended in TC medium (1 x 10^/ml). Methyl-a-mannopyranoside was added to
a final concentration of 20 ^g/ml and the cells incubated at room temperature for 5
minutes. After 2 further washes, cells were resuspended (1 x lOVml) in RPMI 1640.
Anti-TCR Ab-activated cells were simply recovered, washed and resuspended (1 x
107ml) in RPMI 1640.
Cells were fixed with 1 volume of 0.8% paraformaldehyde (in PBS) for 5
minutes at room temperature, followed by gentle mixing with 2 volumes of 0.2 M
lysine (in PBS) for 5 minutes. Finally cells were resuspended in TC medium (2 x
107ml), incubated at 37°C for 3 h and washed thoroughly to remove any residual
cytokines secreted by the cells.

2.2.6.

Soluble CD40 ligand (CD40LI : preparation of CD40L-CD8a chimeric
protein.

Transfected cells secreting a soluble CD40L fusion protein were kindly
provided by Dr.P. Lane (Lane et al., 1993). Briefly the extracellular portion of
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mouse CD40L cDNA was prepared using primers based on the published sequence
(Armitage et al. , 1992) and amplified by PCR. The product fiised to mouse cDNA
encoding the extracellular portion of the CD8a polypeptide. The PCR DNA product
was subcloned into the expression vector pHj3 APr-1. The resulting plasmid (pHjS
APr-l-neo mCD40L-mCD8a) was transfected by protoplast fusion into J558L
hybridoma cells. The harvested cell supernatant was dialysed into RPMI 1640 and
used routinely at a 1 : 10 dilution of stock supernatant.

2.2.7.

Membrane-bound CD40L : preparation of CD40L-transfected murine
erythroleukaemia cells (CD40L'*'MEL cells).

CD40^MEL cells were kindly provided by Dr.R. Brines (Brines and Klaus,
in Int.Immunol in press ). Briefly mouse CD40L cDNA was prepared using primers
based on the published sequence (Armitage et al. , 1992) and amplified by PCR. The
product was subcloned into the tk-neo-l-pEV3 vector, which contains the /8-globin
LCR and promoter regions, and the resulting construct was transfected into the C88
mouse erythroleukaemia cell line by electroporation (Antoniou, 1991). For use in
experiments the transfectants were induced with 2% DMSO for 4 days, when they
were paraformaldehyde fixed (see section 2.2.5.). Untransfected (wild-type) MEL
cells were used as controls.

2.2.8. Preparation of antibody-coated tissue culture plastic (Immobilised antibody).

Where indicated antibodies were immobilised on the surfaces of 96 well flatbottom microtitre plates (Falcon, Becton Dickinson Labware, Lincoln Park, New
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Jersey). Optimised concentrations of the Ab in PBS were added at 50/d per well and
the plates were incubated for 16 - 24 h at 37®C. The plates were then washed twice
with PBS and twice with TC medium to remove any non-adherent Ab.
Nunc 60 mm petri dishes (Gibco, Paisley, Scotland) were also coated with
Abs. The stimuli were bound to the dishes at the appropriate concentration in 1 ml
of PBS and incubated at 37®C for 1 h. Immediately prior to use the Ab was removed
and the dishes washed with PBS and TC medium.

2.2.9.

Preparation of anti-phosphotyrosine sepharose beads.

The anti-phosphotyrosine antibody (anti-ptyr Ab) PY-72 was coupled to
protein G sepharose. PY-72 (5 mg/ml wet beads) was incubated with the protein G
beads for 1 h at room temperature with gentle mixing. The beads were then washed
(3x, 10,000 X g) in 0.2 M boric acid, pH 9.0, and resuspended in 10 volumes of
boric acid. Dimethylpimelimidate (DMP) was added to a final concentration of 20
mM and the beads incubated at room temperature for 30 minutes with gentle mixing.
Finally the beads were washed (4x) into 0.2 M ethanolamine (pH 8.0) and incubated
at room temperature for 2 h with gentle mixing. The Ab-coupled beads were stored
for up to 4 months at 4°C in PBS plus 0.02% sodium azide. Prior to use in
immunoprécipitation experiments the beads were resuspended in NP40 lysis buffer
(see section 2.3.4.) as a 1 : 1 slurry.

2.2.10.

Preparation of non-specific protein A sepharose beads.

Purified mouse IgG (Sigma, Poole, Dorset, UK) was used as a non-specific
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Ab to preclear the cell lysates in immunoprécipitation experiments (see section
2.10.1.)- Mouse IgG (1 mg/ml wet beads) was incubated with protein A beads at
room temperature for 1 h with gentle mixing. The beads were washed (3x, 10,000
X g for 30 seconds) with PBS and stored for up to 7 days at 4°C in PBS plus 0.02%
sodium azide. The non-specific beads were resuspended in NP40 lysis buffer as a 1
: 1 slurry prior to use.

2.3. Buffers and tissue culture reagents.

2.3.1.

Phosphate buffered saline (PBS).

This was routinely prepared by the media kitchen at N.I.M.R. Briefly, the
following reagents were dissolved in 1 litre of double distilled water and then adjusted
to pH 7.4 :
4.35 g NaCl, 2.4 g KH2PO4, 20 g Nag HPO4.

2.3.2.

RPMI 1640 tissue culture medium (TC medium).

The tissue culture medium used in the following experiments was prepared by
the media kitchen at N.I.M.R. RPMI complete medium comprised RPMI 1640 (Flow)
supplemented with 2 mM L-glutamine, 50 ^M 2-mercaptoethanol, 1 mM sodium
pyruvate, non-essential amino acids (GIBCO UK), 10 mM hepes, 1(X) units/ml of
penicillin and 100 /xg/ml streptomycin. The medium was adjusted to pH 7.2 and
membrane filtered. 5% heat-inactivated FCS was added before use.
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2.3.3.

Eagles modified complete medium (MEM).

MEM was obtained from the media kitchen at N.I.M.R. and supplemented
with 200 ^g/ml glutamine, 100/xg/ml streptomycin, 100 units/ml penicillin, 50 fiM
2-mercaptoethanol, non-essential amino acids and 5 % FCS (MEM complete medium).

2.3.4.

NP40 lysis buffer.

A 2x stock solution was prepared and stored at 4°C:
150 mM NaCl
20 mM Tris (base)
10 mM lodoacetamide
These reagents were dissolved in double distilled water and adjusted to pH
7.0. The following reagents were added immediately before each experiment:
1 mM sodium orthovanadate
1% (v/v) NP40
1 /Ag/ml leupeptin
1 fig/ml chymostatin
1 fig/ml pepstatin

2.3.5.

Hypotonic fluorochrome solution.

A stock solution was prepared and stored at 4®C:
0 . 1 % (v/v) sodium citrate

0.1% (v/v) Triton X-100
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These reagents were dissolved in double distilled water. Propidium iodide (50
/ig/ml) was added immediately before each experiment.

2.3.6.

TBE buffer.

A Ix stock solution was prepared and stored at room temperature:
150 mM NaCl
100 mM EDTA
10 mM Tris (base)
The reagents were dissolved in distilled water and adjusted to pH 8.0.

2.3.7.

TE buffer.

A Ix stock solution was prepared and stored at room temperature:
10 mM Tris (base)
1 mM EDTA
The reagents were dissolved in distilled water and adjusted to pH 8.0.

2.3.8.

TAE buffer.

A 5x stock solution was prepared and stored at room temperature:
40 mM tris (base)
20 mM NaOAc
20 mM NaCl
2 mM EDTA
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These reagents were dissolved in distilled water and the pH adjusted to 8.15.

2.3.9.

PBA buffer.

A Ix stock solution was prepared and stored at 4®C:
0.1% Bovine serum albumin (BSA) (v/v)
0 . 1 % sodium azide (v/v)

These reagents were dissolved in PBS.

2.3.10.

SDS-PAGE non-reducing sample buffer.

A 2x stock solution was prepared and stored at room temperature:
10 % glycerol (v/v)

0.5 M tris acid
20% SDS
0.5% bromophenol blue
These reagents were dissolved in distilled water and the pH adjusted to 6 . 8 .

2.3.11.

Running buffer.

A lOx stock solution was prepared and stored at room temperature:
25 mM Tris base
192 mM glycine
0.1% SDS
These reagents were dissolved in distilled water and the pH adjusted to 8.3.
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2.3.12.

SDS-PAGE gels ( 10%).

Gels were made and stored (well wrapped) at 4°C for up to 48 h. Each gel
comprised:
15 ml Protogel (National Diagnostics, Atlanta, Georgia)
16.8 ml Tris base (1 M)
13.05 ml dHgO
225 fjLl 20% SDS
150 fil 10% ammonium persulphate
30 fil N,N,N’,N’-Tetramethyl-ethylenediamine (TEMED)

2.4. Bioassays.

2.4.1.

(i)

Estimation of DNA or RNA synthesis.

B cell lymphomas
Lymphoma cells were cultured in triplicates at 10^ cells per 200 fil TC

medium in 96 well flat-bottom microtitre plates for 48 h unless otherwise indicated.
After 44 h cultures were pulsed with 0.5 fiCi (= 18.5 kBq)pH] thymidine or 1 ^Ci
( = 3 7 kBq)pH] uridine (see section 2.2.2.). Incorporation of label into DNA or RNA
was determined 4 h later. Cells were harvested onto nitrocellulose filter paper using
a semi-automatic cell harvester (Pharmacia Wallac) and pH] thymidine or pH]
uridine uptake was measured after addition of PCS scintillant in a Beckman LS 7500
liquid scintillation counter.
Soluble antibodies, or other reagents, were prepared at lOx their final desired
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concentration in TC medium and added in 20/xl aliquots per well. Alternatively the
antibodies were bound to the surfaces of the microtitre wells (see section 2 .2 . 8 .)
Unless otherwise stated, the Abs and reagents were added at the start of the culture
period. In some experiments soluble biotinylated antibodies were hypercrosslinked at
the cell surface with avidin.The standard protocol was to add bio-antibodies at time
0, followed by avidin after 30 minutes. Individual batches of avidin varied in activity,
and were titrated for optimal effects : as indicated, avidin was generally used at a 1
: 1 or 2 : 1 (w/w) ratio to bio-mAb. Both avidin and streptavidin were extensively
dialysed against TC medium prior to use.

(ii)

Normal B cells
Mature B cells were cultured in triplicate in 96 well flat-bottom microtitre

plates using a similar method to that outlined above. B cells (1 or 2 x 10^ per well)
were added to immobilised Abs (see sect.2.2.8.), and cultured in TC medium for 48
h at 37°C. The cultures were then stimulated with LPS (50 /ig/ml) or with soluble
anti-Ig Ab (30 /xg/ml) and cultured for a further 72 h with a final 4 h pulse with 0.5
fiCi pH] thymidine or 1 /xCi pH]. Incorporation of the label into DNA or RNA was
determined as previously described above. B cells (1 x 10^ per well) were also
cultured with hyper-crosslinked biotinylated Abs for 72 h assays, with a final 4 h
incubation with radioactive label. LPS or soluble unbiotinylated anti-Ig Ab was added
simultaneously with the biotinylated Ab at the start of the culture period and the cells
incubated with these reagents for 30 minutes at 37°C prior to adding avidin.
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2.4.2.

Apoptosis analysis by immunofluorescence, using flow cytometry.

B cells (1 X 10^/ml) or B lymphomas (4 x 10^/ml) were cultured in 2 ml TC
medium in 24 well plates ( Costar, Cambridge, MA.). Alternatively cells were
cultured in 4 ml TC medium in 60 mm petri dishes (Nunc, supplied by Gibco).
Soluble stimuli were prepared at lOx their final desired concentration and diluted into
the costar plate wells or petri dishes as appropriate. In experiments

where

biotinylated Abs hypercrosslinked with avidin were used as stimuli, cells were
incubated with the biotinylated Abs for 30 minutes at 37°C prior to adding the avidin.
In other experiments, Abs immobilised on the surface of petri dishes (see section
2 .2 . 8 .) were used to stimulate cells.

Following stimulation for the indicated period, measurements of apoptotic
nuclei was carried out using the method of Nicoletti et al. (1991). Briefly, cells
cultured with soluble stimuli were recovered, washed (3x, 500 x g for 10 minutes)
in PBS plus 0.1% BSA, and resuspended in 1.5 ml hypotonic flurochrome solution
(see section 2.3.5.) at a concentration of 6.6 x 10^ cells/ml. Cells were lysed, and
their DNA stained with propidium iodide at 4°C in the dark for 45 minutes. In
experiments where cells were cultured with immobilised Ab, the TC medium was
discarded and the petri dishes washed (3x, 2(X) x g for 5 minutes) in PBS plus 1%
BSA. Finally 10 ml of hypotonic flurochrome solution was added to each dish and
the cells incubated at 4°C for 45 minutes. The stained nuclei were recovered and
transferred to FACS tubes (Falcon, Becton Dickinson Labware, Lincoln Park, New
Jersey)
The PI fluorescence of nuclei was measured using a FACScan flow cytometer
(Becton and Dickinson). The data was registered on a logarithmic scale, and the
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forward scatter (FSC: size) and side scatter (SSC: granularity) were simultaneously
measured. Cell debris was excluded from analysis by appropriately raising the FSC
threshold, the correct threshold being selected experimentally. Data was analysed
using "FACSPLOT", a flow cytometry data analysis package (written by R.J. Green,
Computing Dept. N.I.M.R.), running on a Micro VAX 3100 Model 80 system.

2.4.3.

Apoptosis analysis by immunofluorescence, using fluorescence microscopy.

B lymphoma cells were cultured in 24 well costar plate as described in section
2.4.2. Following stimulation the cells were recovered, washed (3x, 500 x g for 10
minutes) in PBS plus 1% BSA and incubated with 100 ^M (final) of the DNA stain
propidium iodide at room temperature for 5 minutes. Subsequently, the cells were
viewed by fluorescence microscopy and the relative percentages of viable, dead and
apoptotic cells determined.

2.4.4.

Apoptosis analysis by DNA extraction and gel electrophoresis.

B cells were cultured with the indicated Abs in 24 well costar plates as
described in section 2.4.2. Following stimulation cells were recovered and
resuspended (1 x lOVml) in 1 ml of ice cold TBE (see section 2.3.6.) plus 2% SDS,
and allowed to stand for 30 minutes. Proteinase K was added to a final concentration
of 100 uglml and the cells incubated at 50°C for 1 h, followed by a further 30 minute
incubation with RNAase A (100 /xg/ml) at 37°C. The lysate was extracted 2 x with
an equal volume of phenol : chloroform : iso-amyl-alcohol (50 : 50 : 1 v/v/v), and
1 X with an equal volume of chloroform : iso-amyl-alcohol (24 : 1 v/v). The aqueous
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layer was collected and the DNA precipitated with 2.5 volumes of absolute ethanol
at -20®C for 16 - 24 h. The DNA extracts were centrifuged (12,000 x g, for 10
minutes), and the pellets vacuum dried and dissolved in 200 ^1 TE buffer (see section
2.3.7.). The DNA samples were diluted with distilled water to an appropriate
concentration of DNA for gel electrophoresis, and adjusted to 3% glycerol and 0.02%
each of bromophenol blue and xylene cyanol green, before loading onto a 1.5%
agarose gel. Electrophoresis was carried out in TAE buffer (see section 2.3.8.) at 5
volts/cm. Bst Eli digested lambda DNA (New England Biolabs, Inc., Beverly, MA.)
was used as size markers. Both agarose gels and TAE buffer contained ethidium
bromide (0.5 /xg/ml) and the DNA was visualised directly by UV analysis using a
UVP chromato-UVE 312 nm transilluminator. Photography was with Polaroid 667
high speed film.

2.4.5.

Fluorescent antibody staining and analysis.

B cells or B lymphomas were washed (3x, 500 x g for 10 minutes) in PBA (see
section 2.3.9.) and aliquots (1 x 10® cells) were pelleted down and resuspended in
100^1 of PBA. Primary antibodies (100 /xg/ml), either unconjugated or conjugated to
fluorscein isothiocyanate (FITC) or biotin, were added in 100 fil aliquots and the cells
incubated at 4°C for 30 minutes. The cells were washed (x 2) in PBA. Then, as
appropriate, cells were incubated with 100 fil of rabbit anti rat IgG-FITC (1 : 25
dilution in PBA, Serotec, Oxford,UK) or phycoerythrin (PE) -labelled streptavidin
(1 : 25 dilution in PBA, Southern Biotechnology Associates Inc., Birmingham, AL)
for 30 minutes at 4®C. Cells were washed, and analysed using a FACScan flow
cytometer (Becton and Dickinson) on a logarithmically amplified scale. Cell debris
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was excluded from analysis by appropriately raising the forward scatter threshold.
Data were analysed using "FACSPLOT" (see section 2.4.2.).

2.5. Biochemical Analyses.

2.5.1.

Anti-phosphotyrosine immunoprécipitation.

B lymphoma cells (2 x 10^) were washed free of serum and resuspended in
serum-free TC medium (450 ^1) for 15 minutes at 37®C prior to stimulation. Cells
were activated for the indicated period with mAb (50 /il) at 10 x the final desired
concentration in serum-free TC medium. Reactions were stopped by pelleting the cells
and immediately adding 1 ml ice-cold NP40 lysis buffer (see section 2.3.4.), followed
by addition of PMSF to a final concentration of 1 mM. Cells were lysed by gentle
mixing at 4®C for 15 minutes. The lysates were centrifuged at 14,000 rpm in a
microcentrifuge for 15 minutes at 4®C, and the supernatants recovered and precleared
by incubation with 20 /il 1 : 1 slurry non-specific beads (see section 2.2.10.) at 4°C
for 1 h with gentle mixing. Lysates were centrifuged, and the supernatants recovered
and cleared with non-specific beads twice more. Cleared supernatants were incubated
with 20 /il 1 : 1 slurry anti-phosphotyrosine beads (see section 2.2.9.) at 4°C for 16 24 h with gentle mixing. The anti-phosphotyrosine beads were recovered and washed
(x 6) in NP40 lysis buffer. Proteins were eluted by boiling in non-reducing SDSPAGE sample buffer (50 - 100 /xl) for 8 minutes (see section 2.3.10.).
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2.5.2.

Western blotting and ECL detection.

Proteins were separated by SDS-PAGE. Samples were loaded onto a 10% SDS
gel (see section 2.3.12.) and gel electrophoresis carried out in Running buffer (section
2.3.11.), at 25 mAmp/gel constant current. BRL (Bethesda Res. Labs.) prestained
molecular weight standards were used as size markers. The proteins were transferred
by electroblotting onto a PVDF membrane for 16 h at 0.2 Amps, 50 Volts. The
transfer buffer consisted of CAPS solution (10 mM), pH 11.
Non-specific binding to the blot was blocked by incubation of the membrane
with 5% non-fat milk protein (Marvel milk powder) in PBS (1(X) ml) for 1 h at room
temperature with gentle rocking. After washing (5x, for 5 nimutes) in PBS plus 0.5%
(v/v) Tween 20 (100 ml per wash), the blot was probed with 10 ml antiphosphotyrosine (anti-ptyr) Ab 4G10 (1 /ig/ml) in PBS plus 0.5% Marvel for 1 h at
room temperature. The filter was again washed 5 x and incubated with 10 ml sheep
anti-mouse-horse radish peroxidase (HRP) Ab (1 : KXX) dilution, Amersham
International pic. Amersham, Bucks, UK.) in PBS plus 0.5% Marvel for 1 h at room
temperature. Membranes were washed 6 x and developed using the ECL system
according to the manufacturers instructions. Briefly, the membrane was incubated for
1 minute with a 1 : 1 mixture of the two ECL solutions, excess liquid shaken off, and
then wrapped in saran wrap. Bound Ab was visualised by autoradiography of the
membrane with Kodak XSI (X-OMAT S) film.
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CHAPTER 3

THE ROLE OF sIpM AND sIgD IN IMMATURE B CELL LYMPHOMAS.

3.1.

Introduction.

Numerous studies, both in vivo and in vitro, suggest that immature B cells
expressing autoreactive antigen receptors are negatively regulated by clonal deletion
and/or clonal anergy (see section 1.6.1). As discussed in section 1.6.2, ligation of
sIgM on the murine B lymphoma cell lines WEHI-231 and CH33 induces
unresponsiveness or cell death, and the lymphoma lines have frequently been used as
models to study tolerance in immature B cells (for example, Scott et al., 1985,
Pennell and Scott, 1986). The WEHI-231 and CH33 cell lines have been transfected
with Ô H-chain genes, producing stable daughter lines which express high levels of
sIgD, designated WEHI-ôM and ECH408-1 respectively (Wienands et al. y 1990,
Ales-Martinez et al. y 1988). These ô-transfected lines therefore provide systems to
examine the function of sIgD in this model of immature B cell tolerance. The aim of
the present study was to investigate the role of sIgM and sIgD in the induction of
growth inhibition and cell death in the immature B lymphomas.

3.2.

Surface staining and FACS analysis of the B cell lymphomas..

Previously published work has shown that the WEHI-231 cell line expressed
only sIgM (Lanier et al. y 1981), and CH33 and CH31 have been reported to only
express sIgM (Pennell and Scott, 1986), or sIgM and low levels of sIgD (Alez-
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Martinez et al., 1988). FACS analyses of these lines, both parental lymphomas and
the daughter ô-transfected lymphomas, confirmed that they express high levels of
sIgM : all lines were consistently >95% sIgM positive. The ô-transfected lines,
WEHI-ÔM and ECH408-1, also expressed sIgD (>95% ), at an equivalent level to
sIgM (Fig. 3.1). CH33 (which carries the Igh** allotype) was transfected with an Igh^‘
Ô chain gene construct (Ales-Martinez et al., 1988), which is recognised by the
AMS28.1.1 mAb. Thus endogenous and exogenous (i.e. transfected) sIgD can be
distinguished on ECH408-1 cells by appropriate mAb. Although WEHI-231 has been
reported to be sIgD negative (Lanier et al., 1981), as shown in Fig. 3.1, our stocks
have consistently shown positive staining for sIgD (at >90%). This expression of
sIgD was confirmed with four different anti-IgD mAbs -1.19, JA12.5, LO-MD-7 and
AMS28.1.1. However, the level of expression of sIgD on WEHI-231 was some ten
fold lower than on WEHI-ôM (Fig. 3.1). CH33 was also found to express sIgD, but
did not stain with the AMS28.1.1 Ab (data not shown).

3.3.

Growth inhibition of B cell lymphomas by soluble or immobilised anti-sig
mAb.

Culturing both parental and ô-transfected lines with soluble anti-/z (s-anti-^)
mAb b.7.6 inhibited proliferation of the cells, in agreement with previously published
results (Boyd and Schrader, 1981, Pennell and Scott, 1986,). Results show the
induction of inhibition was time dependent with no effect detected at 6 h of culture,
but marked inhibition by 16 h which was maximal (>90% ) by 48 h in all five cell
lines (Fig. 3.2). Growth inhibition was also dose dependent: 0.1 ^g/ml s-b.7.6 was
sufficient to induce inhibition by 16 h in both WEHI-231 and WEHI ôm, and 0.5
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/ig/ml of anti-ft Ab induced inhibition in CH33 and ECH408-1. Inhibition was
maximal at 1 ^g/ml (Fig. 3.3). At concentrations greater than 10 /tg/ml an apparent
prozone effect was observed in all the lines, but has not studied further.
Anti-f* mAb immobilised on plastic also caused marked growth inhibition of
all lines in a dose dependent manner (Fig. 3.5). Maximal inhibition was induced when
tissue culture wells were coated with b.7.6 at 2.5 /ig/ml. In contrast to s-anti-/i Ab,
the inhibition remained constant at 24, 48 and 72 h (Fig. 3.4).
Soluble anti-0 mAbs (s-anti-0 Ab) 1.19, JA12.5 and AMS28.1.1 produced
highly variable effects on the lymphomas when used at 10 /tg/ml (Table 3.1 and Fig.
3.4). Growth of the ô-transfectants was inhibited by 40 - 70% in some experiments,
but in others s-anti-ô Ab had no effect. The 1.19 Ab induced the most consistent
growth inhibition which was dose dependent, and maximal by 24 h. Culturing WEHI231 or CH33 with soluble anti-5 Abs did not inhibit proliferation.
In a series of growth inhibition assays, WEHI-5M or ECH408-1 were exposed
to immobilised anti-5 (i-anti-5), routinely tissue culture wells were coated with anti-5
mAb at 50 /ig/ml. As shown in Table 3.1, i-anti-5 caused consistent growth
inhibition, but the response varied between experiments. WEHI-5M was more
sensitive than ECH408-1, the three anti-5 mAbs inducing an average of 50%
inhibition in WEHI-5M and 30 -40% inhibition in ECH408-1. Again 1.19 was the
most effective Ab. The i-anti-5 Abs induced inhibition which remained constant in
WEHI-5M over a 72 h period (Fig. 3.4), and constant or decreasing slightly with
time in ECH408-1.
Immobilised anti-5 Ab also caused limited growth inhibition of WEHI-231,
generally resulting in less than 10% reduction of pH]TdR uptake, and 1.19 mAb had
the greatest effect. Since our stocks of WEHI-231 express low levels of sIgD, it was
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therefore not surprising that these cells were somewhat sensitive to anti-ô. The growth
of CH33 was inhibited by up to 40% by i-anti-0 Abs, with 1.19 again the most
inhibitory. Irrelevant (anti-CAMPATH-1), isotype-matched mAbs YTH34.5Gi or
YTH34 .5 G2b, or normal rat Ig were included in all experiments as control Abs, and
had no effect in either soluble or immobilised form (data not shown). It is noteworthy
that in immobilised form the anti-ô mAb JA12.5, which is not mitogenic for mature
B cells, was as inhibitory as the mitogenic anti-ô mAb 1.19 (Table 3.1), indicating
that there is no correlation between mitogenicity and inhibitory potential.

3.4. Anti-IgD antibodies enhance growth inhibition induced by anti-IgM antibodies.

To determine whether anti-IgM and anti-IgD Abs could act additively to
induce growth inhibition, soluble anti-ô Abs (1.19, AMS28.1.1 or JA12.5) were
included in growth inhibition assays where the ô-transfectants were cultured with
immobilised or soluble anti-/x Ab b.7.6. As shown in Fig. 3.5, s-anti-ô (in this case
AMS28.1.1) did increase the inhibition induced by i-anti-fi Ab in WEHI-ôM, but had
no effect in the parental line (data not shown). Similar results were obtained with the
other s-anti-ô Abs. IgD-mediated enhancement of anti-/x induced growth arrest was
also observed in ECH408-1.

3.5.

Hypercrosslinking sIgD induces consistent and marked growth inhibition in
immature B cell lymphomas.

The above results suggested that the increased crosslinking obtained with ianti-ô might be of importance in inducing growth inhibition. In order to investigate
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this further an alternative method of crosslinking sig was used where soluble
biotinylated Abs (bio-Abs) were crosslinked on the cell surface with avidin (see
section 2.4.1). Generally avidin was used at 10 or 20 ^g/ml with 10 /*g/ml of bio-Ab.
Culturing both parental and ô-transfected lines with bio-anti-^ inhibited
proliferation as expected. Crosslinking bio-b.7.6 with avidin further increased this
inhibition. Culturing ECH408-1 and WEHI-5M with soluble (un-crosslinked) bio-antiÔ mAb induced a small amount of inhibition, which was markedly increased by
crosslinking of the bio-Ab with avidin, inducing growth inhibition of >80%. As
illustrated in Fig. 3.6, the effect was dose dependent. Bio-anti-MHC Class I or Class
II Abs were used as controls in all experiments, and did not induce growth inhibition
in either soluble or hypercrosslinked form (data not shown).

3.6.

Reversal of sig-mediated inhibition by LPS.

Bacterial lipopolysaccharide (LPS) has been shown to be able to reverse
soluble anti-Ig induced growth inhibition in these lymphomas (Jakway et al. , 1986).
To further investigate the effects of LPS, WEHI-231 and CH33 cells were cultured
with soluble anti-^ Ab b.7.6 plus LPS. As shown in Fig. 3.7, LPS partially reversed
the IgM-mediated growth inhibition in a dose dependent manner, in agreement with
Jakway et al. (1986). However, in experiments where B lymphomas were cultured
with bio-anti-Ig Abs hypercrosslinked with avidin, LPS did not reverse growth
inhibition mediated by either IgM or IgD (Fig. 3.8).
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3.7.

Anû-fi induces apoptosis in the B cell lymphomas.

Previous studies have shown that ligation of sIgM results in apoptosis in these
lymphomas (Hasbold and Klaus, 1990, Benhamou et al. , 1990). To further investigate
anti-Ig mediated cell death, two methods were used to detect apoptosis induced by
anti-/i or anti-0 Abs. In the first WEHI-231, CH33, CH31 and WEHI-ôM were
cultured with soluble or immobilised anti-IgM Ab b.7.6. At various time points the
cells were harvested and their DNA stained with propidium iodide (PI) (see section
2.4.3). Using UV microscopy cells were scored as stained when they showed a
diffuse PI staining within the cytoplasm and apoptotic when discrete apoptotic bodies
were visible (see also Fig. 5.10). Table 3.2 lists two representative experiments at 24
and 48 h, although background levels of staining and apoptosis varied between
experiments. Apoptosis was not detected in WEHI-231 by 5 or 8 h of culture with
soluble or immobilised b.7.6. However, anti-IgM Abs induced both staining and
apoptosis in the cell lines by 24 h in all experiments, which increased to 20 - 30%
by 48 h in agreement with previously published results (Hasbold and Klaus, 1990,
Benhamou et al., 1990). Anti-6 Abs (JA12.5 and 1.19), in either soluble or
immobilised form, did not induce staining or apoptosis of WEHI-6M cells at any time
point tested from 5 to 48 h. A control anti-MHC class II Ab had no effect in either
parental or 6-transfected cell lines. In some experiments cells were permeabilised with
streptolysin-0 (0.4 units/ml) prior to staining with PI. Unstimulated cells show a
typical large diffuse nuclear staining of DNA which contrasts with the small brightly
staining apoptotic bodies of anti-/i treated cells (data not shown).
These data were confirmed using a FACS assay for apoptosis (see section
2.4.2). CH33 cells were cultured for 24 h with bio-b.7.6 (10 /tg/ml) with or without
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avidin (20 fig/ml), cells were harvested, stained with PI and analysed using the
FACS. As shown in Fig. 3.9, the control cells gave two peaks indicating cells in Gj
(2C) and Gg/M (4C) of the cell cycle. Culture with bio-b.7.6 induced a shift into the
Gi peak (i.e. growth arrest), but culture with hypercrosslinked bio-b.7.6 induced the
appearance of a population of nuclei with sub-diploid DNA, indicating DNA
fragmentation typical of apoptotic cells. Table 3.3 shows a summary of results from
this experiment.

3.8.

Reversibility of growth inhibition.

In was noted in time course assays (see section 3.3) that culturing B lymphoma
cells with anti-^ mAb for 24 h induced a reduction in pHJTdR uptake, but the cells
were virtually all viable at this time point as measured by trypan blue exclusion (data
not shown). To determine whether such inhibition was reversible WEHI-231 cells
were cultured with anti-IgM Ab b.7.6 (5 /ig/ml) for 48 h, washed and recultured in
the absence of b.7.6. Aliquots of the cells were tested for pHJTdR uptake at 24 h
intervals. At 96 h after removal of the Ab, anti-/x treated cells proliferated at similar
levels to control cells (Fig. 3.10). Anti-/x treated cells were recovered and the
procedure repeated twice more. The results were comparable, in that anti-/i treated
cells proliferated at normal levels within 96 h after washing out anti-^.

3.9.

Effects of lymphokines on sig-mediated growth inhibition.

Certain T cell derived lymphokines such as IL -la, IL-4, IL-5 and IL-10 have
been reported to modulate the induction of B cell inhibition, or apoptosis at various
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stages of B cell development (Scott et al. , 1987b, Go et al. , 1990, Liu et al. , 1991,
Brines and Klaus, 1991). To determine whether any of these cytokines could protect
against n or 6-mediated inhibition in the immature B lymphomas, they were included
in growth inhibition assays where the parental and ô-transfected cell lines were
cultured with anti-Ig Abs. IL-4 did not reverse growth inhibition induced by soluble,
immobilised or hypercrosslinked biotinylated anti-/x and anti-0 Abs. The results
obtained with crude IL-4 were confirmed with purified recombinant (r) IL-4. Fig.
3.11 illustrates that rIL-4, over a concentration range from 1 - 5 0 units/ml, did not
protect lymphomas against Ig-mediated growth inhibition.
Recombinant IL -la, IL-10, and IL-5 containing supernatant were also included
in growth inhibition assays with hypercrosslinked or immobilised b.7.6 (Fig. 3.12).
However, these cytokines had no effect either singly or in combination with IL-4
(data not shown). In all these experiments rlL-l/S or IL-2, which are thought to have
no effect in the present system, were included as negative controls.

3.10.

Effects of preactivated T cells.

B cell responses, either activation and inhibition, are known to be regulated
by both soluble (lymphokine) and contact-dependent T cell help (reviewed in Parker,
1993). To determine whether contact mediated T cell signals could modulate the antiIg induced inhibition in the B lymphomas, fixed or irradiated T helper cell clones
were included in tissue culture assays. The Th2 type T cell clones D10.G4.1 and a
subclone DIO.D, were activated with concanavalin A (Con. A) or anti-TCR mAb, and
fixed or irradiated (see sections 2.1.2 and 2.2.5), prior to being added to WEHI-231,
CH31 or CH33 in anti-Ig growth inhibition assays.
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In initial experiments these preactivated T cells partially reversed anti-/*
mediated growth inhibition in CH31 and CH33, but had little or no effect on WEHI231 (Fig. 3.13). In CH31 and CH33 the effect was dependent on the number of T
cells added, a ratio of 1 : 1 T to B cells giving the greatest protection. Activated
D10.G4.1 and DIO.D were equally effective at reversing the growth inhibition, and
no difference was observed between the effect of irradiated or fixed T cells. In
contrast, unactivated T cells had no effect (Fig. 3.14). Furthemiore, both Con.A
activated T cells and anti-TCR activated T cells were equally effective. Similarly, T
cells activated by the anti-TCR Ab 1452C11 over a dose range of 10 -1000 ng/ml
induced the same levels of protection (data not shown).
However, subsequent experiments failed to reproduce these earlier findings.
In these, the activated T cell clones did not protect against b.7.6 induced inhibition
and in fact reduced the proliferation of B lymphomas in the absence of the anti-/x Ab.
Non-activated T cells were also inhibitory, but activated T cells caused a greater
reduction in B lymphoma proliferation. Both Con.A stimulated and anti-TCR Ab
stimulated T cells caused inhibition, with T cells activated by higher concentrations
of anti-TCR Ab having the greatest effect (Fig. 3.15). In addition, supernatants of
both activated D10.G4.1 and DIO.D reduced the proliferation of CH33 in co-culture
experiments(Fig. 3.16). The reasons for these inconsistent results are not apparent.

3.11.

Ligation of CD40 does not reverse anti-Ig mediated growth inhibition.

Several recent studies have indicated that an important T cell component
involved in contact dependent B cell activation is gp39, the ligand for CD40 (Noelle
et a l , 1992, Armitage et ah, 1992, Hollenbaugh et a l , 1992). Both the human and
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murine genes encoding CD40 ligand (CD40L) have been cloned (Armitage et al. ,
1992, Hollenbaugh et a l, 1992). Using the published sequence the murine CD40L
was cloned and expressed in murine erythroleukaemia (MEL) cells (Brines and Klaus,
in Int. Immunol, in press, see section 2.2.7). In order to test whether ligation of
CD40 exerts a protective effect on anti-Ig induced growth inhibition, B lymphomas
were cultured with CD40L^MEL cells or wild type (WT) untransfected cells usually
at a B : MEL ratio of 1:1. The results show that in experiments with bio-anti-^ or
bio-anti-ô Abs crosslinked with avidin, the CD40L transfected cells did not reverse
IgM or IgD-mediated growth inhibition (data not shown).
A soluble form of CD40L was also included in sig-mediated growth inhibition
assays in the B lymphomas. Soluble ligand was in the form of a CD40L-CD8a
chimeric fusion protein from the supernatants of transfected J558L hybridoma cells
(Lane et a l , 1993, see section 2.2.6). CD40L fusion protein was added as a 1 : 10
dilution of stock supernatant to B lymphomas in experiments with biotinylated Ab
crosslinked with avidin. This dilution of supernatant was chosen as it had been
previously shown to activate neonatal B cells (Brines and Klaus, unpublished data).
However, as illustrated in Fig. 3.17, the soluble CD40L did not reverse growth
inhibition induced by either anti-IgM or anti-IgD Abs. In some experiments IL-4 (10
u/ml) was included in cultures with CD40L: Again the two reagents did not have any
protective effect in combination (Fig. 3.17).

3.12.

Cyclosporin A does not reverse IgM-mediated growth inhibition in B cell
lymphomas.

Cyclosporin A (CsA) is an immunosuppressive drug affecting both T and B

79

cell function (reviewed in Schreiber and Crabtree, 1992). It suppresses B cell
proliferation induced by anti-Ig (in the presence and absence of IL-4), but does not
affect LPS induced DNA-synthesis (Klaus, 1988). In order to determine whether CsA
affected anti-IgM induced growth arrest, the drug was included in growth inhibition
assays. Preliminary assays showed that CsA is toxic for WEHI-231 and CH33 at
concentrations greater than 1(X) ng/ml (data not shown), and hence was routinely used
at 50 or 1(X) ng/ml. CsA did not reverse anti-^ induced inhibition in WEHI-231 or
CH33 and, as illustrated in Fig. 3.18, actually added to the inhibition induced by both
soluble and immobilised anti-IgM Ab.
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Figure 3.1. FACS analyses of sIgM and sIgD expression on B cell lymphomas.
WEHI-231 cells (Panels A and B), WEHI-ÔM cells (Panels C and D), CH33 cells
(Panels B and F), and ECH408-1 cells (Panels G and H) were stained with antibodies
directed against sIgM (b.7.6), or sIgD (1.19), and a rabbit anti-rat IgG-FITC
conjugate second layer. Panels A, C, E and G show b.7.6 staining, panels B, D, F
and H show 1.19 staining. The marker shows the level of staining given by the
secondary antibody alone.
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Figure 3.2. Growth inhibition of B cell lymphomas by soluble anti-^ antibody.
WEHI-231 cells (A), WEHI-ÔM cells (B) or CH31 (C) were cultured (10^/well) with
the indicated concentrations of b.7.6 for 18 h or 48 h. Results are expressed as
percentage inhibition of pH]TdR uptake of controls cultured in medium alone (94,889
cpm for WEHI-231, 67,940 cpm for WEHI-ôM and 33,031 cpm for CH31 at 48 h
of culture. 32,769 cpm for WEHI-231, 26,683 cpm for WEHI-ôM and 38,423 cpm
for CH31 at 18 h).
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Figure 3.3. Titration of soluble anti-/x on the CH33 lymphoma. B lymphoma cells
(10^/well) were cultured for 48 h with soluble b.7.6 ( • ) or control anti-Igh* Ô mAb
AMS28.1.1 (o) over a concentration range of 0.37 - 25 /ig/ml Ab. Cells were
harvested after a 4 h incubation with pH]TdR. Points are means ± SEM (n=3). For
points without error bars the errors were smaller then the symbols.
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Figure.3.4. Growth inhibition of WEHI-ôM cells by soluble or immobilised anti-Ig
antibodies. WEHI-ôM cells were cultured with 1 jug/ml soluble, or 50 uglml
immobilised antibodies for the indicated periods. The antibodies included in this assay
were the anti-/i mAb b.7.6. (• ), the anti-6 mAbs JA12.5 ( a ), 1.19 (□) and
AMS28.1.1 (■), and control anti-CAMPATH-1 Ab YTH34.5Gi (o). Results are
expressed as percentage inhibition of pH]TdR uptake in control cells (97,495 cpm for
WEH1-ÔM following 72 h culture). Similar results were obtained with ECH408-1
(data not shown).
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Figure 3.5. Anti-IgD antibodies enhance growth inhibition induced by anti-IgM
antibodies in the WEHI-ÔM B cell lymphoma. WEHI-ôM cells (lO^/well) were
cultured with i-b.7.6 ( • ) or i-AMS28.1.1 ( a ) at the indicated concentrations for 48
h. At the start of the culture period, some wells additionally received soluble
heterologous anti-Ig (0.3 /ig/ml) : i-b.7.6 plus S-AMS28.1.1 (o) or 1-AMS28.1.1 plus
s-b.7.6.

(a ).

Cells were harvested after a 4 h incubation with pH]TdR. Results are

expressed as means + SEM (n=3).
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Figure 3.6. Hypercrosslinking sIg induces marked growth inhibition in the ECH408-1
B cell lymphoma. ECH408-1 cells (10^/well) were culture with biotinylated anti-IgM
Ab b.7.6 (A) or biotinylated anti-IgD Ab 1.19 (B) at the indicated concentrations for
48 h. Half of the wells also received avidin at a 2 : 1 (w/w) ratio of avidin :
biotinylated Ab at the start of the culture period. Cells were harvested after a final
4 h incubation with pH]TdR. Results are expressed as means ± SEM (n=3).
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Figure 3.7. LPS partially reversed growth inhibition induced by soluble anti-IgM
mAb in the B cell lymphomas. WEHI-231 cells (solid lines) were cultured with i)
LPS at the indicated concentrations ( • ) or ii) LPS plus 1 ^g/ml of s-b.7.6 (o).
Similarly, CH33 cells (dotted lines) were cultured with i) LPS ( a ) or ii) LPS plus 1
(ig/ml of s-b.7.6

(a ).

Cells were harvested after a 4 h incubation with pH]TdR.

Results are expressed as means ± SEM (n=3).
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Figure 3.8. LPS does not reverse growth inhibition induced by hypercrosslinked antiIg Ab in ECH408-1 B cell lymphoma. ECH408-1 cells were activated (10* cells/well)
with 10 /ig/ml bio-anti Ig Ab or control, anti-MHC Class I Ab bio-11.4.1 plus/minus
LPS (50 /tg/ml) for 48 h. Avidin (20 /tg/ml) was added 30 minutes after the start of
the culture period. Cells were harvested after a final 4 h incubation with pH]TdR.
Results are expressed as means ± SEM (n=3).
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Figure 3.9. Hypercrosslinked anti-^ antibody induces apoptosis in CH33 cells. CH33
cells (5 X 10^/ml) were cultured for 24 h in medium alone (Panel 1) or with anti-/x
Ab. Panel 2: s-b.7.6 (1 ixglmX) ; Panel 3: s-b.7.6 (10 /xg/ml) ; Panel 4 : bio-b.7.6 (10
^g/ml) ; Panel 5: bio-b.7.6 plus avidin (20 /ig/ml) cells were harvested, and the
nuclei stained with PI as previously described (see section 2.4.2), prior to analysis
on the FACScan. Two peaks of DNA labelled x and y are shown in panel 1. Peak x
represents cells in Gi and peak y represents cells in G2/M phases of cell cycle,
respectively. The solid lines in each panel represent the gates used to determine the
percentages of apoptotic nuclei (A) (i.e. with subdiploid levels of DNA), nuclei in
Gi (B) or nuclei in G2/M (C). These figures are given in Table 3.3.
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Figure 3.10. Soluble anti-IgM mAb induces growth inhibition which is reversible in
WEHI-231 B cell lymphoma. WEHI-231 cells were cultured with s-b.7.6 (5 /xg/ml)
for 48 h, washed and recultured (10*/well) in the absence of anti-/* Ab. One week
after removal of the anti-^ Ab, cells were recovered, and the procedure repeated
twice more. Following each incubation with b.7.6, aliquots of cells were harvested
at 24 h or 96 h after removal of the antibody. Results are expressed as percentage
inhibition of pH]TdR uptake in control cell cultures. (153,632 cpm for WEHI-231
at 96 h culture).
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Figure 3.11. Recombinant IL-4 does not protect against growth inhibition induced by
soluble or immobilised anti-IgM antibody. CH33 cells (10^/well) were cultured for
48 h with (i) recombinant (r)IL-4 only over a concentration range of 1 - 50 units/ml
( • ), (ii) rIL-4 plus 10 ^g/ml soluble anti-/x Ab b.7.6 ( a ) or (iii) rIL-4 plus 50 /xg/ml
immobilised b.7.6 (■). Cells were harvested after a 4 h incubation with pH]TdR.
Results are expressed as means ± SEM (n=3).
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Figure 3.12. Lymphokines secreted by Th2 cells do not protect against sIgM-mediated
growth inhibition in WEHI-231 cells. (A) the B lymphoma cells (10^/well), were
markedly inhibited by 48 h culture with 10 /xg/ml bio-b.7.6 plus 20 ^g/ml avidin.
Addition of IL -la (B), IL-2-containing supernatant (C), IL-4-containing supernatant
(D), IL-5-containing supernatant (E) or IL-10 (F) at 1, 10 or 50 units/ml did not
reverse the growth arrest. Results are expressed as percentage inhibition of pH]TdR
uptake of control cells cultured in medium alone (158,651 cpm for WEHI-231 at 48
h of culture).
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Figure 3.13. Partial reversai of sIgM-mediated growth inhibition in CH31 but not
WEHI-231 by preactivated T cells. WEHI-231 and CH31 cells (10^/well) were
inhibited by 48 h culture with 0.5 /tg/ml (A and C) or 5 /xg/ml (B and D) s-b.7.6.
Addition of 10^ or 10* activated, irradiated D10.G4.1 cells to CH31 (C and D)
partially reversed the sIgM-mediated growth inhibition, but had no effect on WEHI231 (A and B). The D10.G4.1 cells were activated with 1452C11 anti-TCR mAb (as
described in section 2.2.5) . Results are expressed as percentage inhibition of
pH]TdR uptake of controls cultured in medium alone (184,504 cpm for WEHI-231;
224,235 cpm for CH31).

93

WEHI - 231

A)

b.7.6 (0.5ng/ml)

b .7 .6 + 10® D10.G4.1 cells
b.7.6 + 10^ D10.G4.1 cells

B)

b.7.6 (5ng/ml)

b.7.6 + 10® D10.G4.1 cells
b.7.6+ 1 0 “ D10.G4.1 cells

CH31
C)

b.7.6 (0.5ng/ml)

b.7.6 + 10® D10.G4.1 cells
b .7.6+ 1 0 ‘‘ D10.G4.1 cells

D)

b.7.6 (5ng/ml)

b.7.6 + 10® D10.G4.1 cells
b.7.6 + 1 0 “ D10.G4.1 cells

1-----------50

% Inhibition

100

Figure 3.14. Preactivated T cells reverse sIgM-mediated growth inhibition in CH33.
CH33 cells (10^/well) were cultured for 48 h with (i) s-anti-^ Ab b.7.6 at the
indicated concentration (•), (ii) s-b.7.6 plus 10* preactivated irradiated D10.G4.1
cells (o) or (iii) s-b.7.6 plus 10* resting irradiated D10.G4.1 cells (■). T cells were
activated with anti-TCR Ab 1452C11 (see section 2.2.5). Cells were harvested after
a 4 h incubation with pH]TdR. Results are expressed as means ± SEM (n=3).
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Figure 3.16. Proliferation of CH33 cells following culture with activated DIO.D cells
or DIO.D crude supernatant, (a) the B lymphoma cells (lOVwell) were markedly
inhibited by 48 h culture with 1 /^g/ml s-b.7.6 or 50 /tg/ml i-b.7.6. (b) Addition of
1452C11-activated, fixed DIO.D cells (10^/well) decreased the proliferation of control
cells. Activated DIO.D supernatant (SN) over a concentration range of 1.25 to 10%
of final assay volume also decreased control cell proliferation in a dose dependant
manner. DIO.D cells and SN were unable to protect against s-anti-/i mediated
inhibition (c) or i-anti-/x mediated inhibition (d). Cells were harvested after a 4 h
incubation with pH]TdR. Points are means ± SEM (n=3).
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Figure 3.17. CD40L does not reverse growth inhibition induced by anti-IgM or antiIgD antibodies in WEHI-ôM cells. The B lymphoma cells (lOVwell) were inhibited
by 48 h culture with 10 ^g/ml biotinylated b.7.6 or biotinylated 1.19 plus 20 /ig/ml
avidin (A). Addition of a 1 : 10 dilution of stock supernatant CD40L fusion protein
(B) or 10 units/ml IL-4 (C) did not reverse the growth arrest. Further, addition of
CD40L plus IL-4 had no effect on growth arrest (D). Non-transfected J558L cell
supernatant (1 : 10 dilution) was added as a control for CD40L supernatant (£).
Results are expressed as means ± SEM (n=3).
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Figure 3.18. Cyclosporin A does not reverse IgM-mediated growth inhibition in the
B lymphomas. WEHI-231 or CH33 cells (lOVwell) were cultured with 1 ^g/ml sb.7.6 or 50 fig/ml i-b.7.6. Addition of cyclosporin A (50 ng/ml or 100 ng/ml) did not
reverse the Ig-mediated growth inhibition. Cells were harvested after a final 4 h pulse
with [^H]TdR. Results are expressed as means ± SEM (n=3). For some data the
error bars were too small to be drawn in.
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Table 3.1
SUMMARY OF GROWTH INHIBITION IN THE FOUR CELL LINES BY ANTI-/* OR ANTI-6 mAb
WEHI-231

Anti-Ig Antibodies

WEHI-ÔM

ECH408.1

CH33

(a)

(b)

(a)

(b)

(a)

(b)

(a)

(b)

b.7.6

x= 95± 2

(n = 6 )

x= 82± 8

(n= 6)

x=77±10

(n=7)

x= 60± 9

(n=5)

1.19

x= < 1± 1

(n=4)

x=49±12

(n= 6)

x=2±5

(n=5)

x=25±25

(n=5)

JA12.5

x=0

(n=4)

x = ll± 9

(n= 6)

x= 6±8

(n=3)

x = ll± ll

(n=3)

AMS28.1

x=0

(n= 2 )

x=43± 8

(n=4)

x=5±4

(n=3)

x=32±36

(n=4)

b.7.6

x = 8 3 ± ll

(n = 8)

x=77±17

(n=9)

x=74±14

(n = 8)

x=54±20

(n = 8)

1.19

x=17±14

(n=7)

x=50±19

(n=9)

x= 37± 6

(n=5)

x=45±21

(n=7)

JA12.5

x=9±8

(n=5)

x=46±35

(n = 8)

x=25±5

(n=3)

x=31±22

(n = 6)

AMS28.1.1

x=2±4

(n=3)

x-64±20

(n=5)

x= 16± 7

(n=3)

x=42±35

(n=5)

Soluble antibodies

Immobilised antibodies

The four B cell lymphomas (10^ cell per well) were cultured with soluble (Iftg/ml) or immobilised (50/ig/ml) concentrations of the indicated antibody
for 48 h. Results are expressed as percentage inhibition of the proliferation of cells in the absence of anti-Ig antibodies. Figures (a) are mean values
with SEM calculated for the number of experiments (b) shown.
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Table 3.2
INDUCTION OF APOPTOSIS IN THE B CELL LYMPHOMAS BY SOLUBLE ANTI-/t OR ANTI-6 MONOCLONAL ANTIBODIES
WEHI-231
% stained
% apoptotic
24 h
Medium
s-b.7.6 Oig/ml)
s-1.19
S-JA12.5

48 h
Medium
s-b.7.6 (/xg/ml)

14
1

21

10
1

29
16

7
16
28
13

10

10

6

7

1

21

14

8

10

15

8

8

24
53
29
25
17

9
31
37
13

19
19

11

11

19
12

13
7

1

0

23
39
23
23
9
15

10

1

11

1
10

s-1.19

1
10

S-JA12.5

WEHI-ÔM
% stained
% apoptotic

CH31
% stained

% apoptotic
3
14

8

4

11

9
17

8

28
23

20

5
5
3
3

22

10

10

3

13

8

10

6

8

23
33
29
30
24

20

10

12

12

27
27
27
21

22

22

30

29

The three B cell lymphomas were cultured with soluble anti-IgM mAb b.7.6 or soluble anti-IgD mAb 1.19 at the indicated concentration. Stained
or apoptotic cells were expressed as a percentage of the total number of cells counted.
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Table 3.3
SUMMARY OF APOPTOSIS AND CELL CYCLE ARREST BY ANTI-ft ANTIBODY IN CH33 CELLS

Percentage of nuclei in b)

Treatment*^
apoptosis

Gi

G /M

Medium

5

48

47

s-b.7.6 (1/Ig/ml)

9

57

34

s-b.7.6 (10/tg/ml)

13

60

27

bio-b.7.6 (10/ig/ml)

14

58

28

bio-b.7.6 4- avidin

31

45

24

a) CH33 cells were cultured for 24 h in medium or with 1 or 10 fig/ml s-b.7.6, or with 10 /ig/ml bio-b.7.6 in the presence or absence of avidin
(20 /ig/ml). The cultures were then stained with PI as described in Section 2 and analysed by flow cytometry.
b) Percentages of cells showing apoptosis (less than 2C DNA), and in cell cycle at the Gi (2C) or G2/M (4C) stages, as illulstrated in Fig. 3.8.
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3.13.1.

Discussion part I: The role of sIgM and sIgD in tolerance induction.

It is well established that ligation of sIgM on both immature B cells and
phenotypically immature B cell lymphomas generates negative signals which lead to
growth inhibition and/or eventual cell death by apoptosis. This is thought to reflect
an important tolerance mechanism for the elimination of autoreactive B cells from the
developing B cell repertoire. The role of IgD in B cell development is not yet
understood, but it has been suggested that expression of sIgD may render B cells
tolerance resistant. A number of studies demonstrated IgD-mediated rescue of cells,
by an unknown mechanism, from the IgM-mediated negative signal, using methods
such as enzymatic removal of sIgD (Cambier et a l, 1977), chronic anti-ô treatment
in vitro (Vitetta et al. , 1977, Scott et al. , 1977), or transgenic mouse models (Carsetti
et al., 1993). However, other studies have disputed this by demonstrating the same
degree of tolerance susceptibility in sIgD-positive and sIgD-negative populations of
murine B cells (Layton et al. 1979a and b), or similar inhibition by anti-Ig Abs of
sorted IgD and IgD^ immature B cell populations (Brines and Klaus, 1992). In
addition, studies of B cell tolerance using transgenic mouse models have shown both
clonal anergy and deletion irrespective of the presence or absence of IgD (Goodnow
et al.y 1988 and 1989, Hartley et a l, 1991).
The work presented here suggests that expression of sIgD does not rescue the
immature B lymphoma cells from IgM mediated tolerance induction, in agreement
with previously published studies (Ales-Martinez et a l , 1988, Tisch et a l , 1988).
Rather, appropriate crosslinking of sIgD induced growth inhibition in the immature
B lymphomas (Fig.3.4), and in addition had an additive effect with the inhibition
caused by sIgM (Fig. 3.5). However, the sIgD-mediated negative signal was
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apparently weaker than that delivered by sIgM, and very variable when soluble anti-ô
Abs were used.
Many studies have shown crosslinking of sig is a necessary prerequisite for
both the activation of mature resting B cells to enter cell cycle (Dintzis et al. , 1976,
Mongini et a l , 1991 and 1992), and for the induction of tolerance (Nossal, 1983,
Goodnow, 1992). It was possible that a greater level of crosslinking of sIgD was
necessary for the induction of growth inhibition. The results of the present study show
that immobilised anti-ô Abs, which have a greater potential for crosslinking cell
surface protein, did induce more consistent inhibition in the lymphoma lines (Fig.
3.4). The importance of crosslinking sIgD to induce this response is supported by
studies using biotinylated Abs plus avidin. Soluble biotinylated anti-ô Ab had a
relatively small effect on the lymphomas, but following crosslinking with avidin
growth inhibition of greater than 80% was frequently observed (Fig. 3.5). The
strength of the hypercrosslinked IgD signal may be judged by the fact that LPS,
which reverses inhibition induced by soluble biotinylated anti-Ig Abs (Fig. 3.7), did
not reverse the effects induced by biotinylated anti-Ig Abs hypercrosslinked with
avidin (Fig. 3.8).
The parental cell line WEHI-231 has been reported as being sIgM-positive,
sIgD-negative, and CH33 has been reported as being only weakly IgD positive
(Pennell and Scott, 1986, Lanier et al., 1981). However, FACS analyses of our
stocks of both lines have shown consistent positive staining with three anti-0 mAbs
1.19, JA12.5 and LO-MD-7, and WEHI-231 also showed positive staining with
AMS28.1.1. In line with these results, the proliferation of WEHI-231 and CH33 was
inhibited by crosslinked anti-ô Abs, although the inhibition was much less than in the
daughter ô-transfectant lines (Table 3.1). It is not clear why our cell lines express
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sIgD, but CH33 subclones expressing high levels of sIgD have been reported in the
literature (Ales-Martinez et al. , 1988), and possibly our stock of CH33 is one such
subclone.
IgD is known to deliver negative signals in other systems, for example in
neonatal B cells (Brines and Klaus, 1992). In addition, a recent paper by Brink et al.
(1992) has demonstrated that both IgM and IgD receptors are capable of mediating
deletion or anergy in the HEL transgenic mouse model. Results presented here are
in agreement with Webb et al. (1989), who showed growth inhibition mediated by
IgD in a different CH33 ô-transfectant line. However, two previous studies with
ECH408-1 or another ô-transfectant of WEHI-231 failed to show IgD-mediated
growth inhibition (Tisch et aA, 1988, Ales-Martinez et al. 1988). The importance of
crosslinking sIg, particularly sIgD, in order to induce growth inhibition is clear from
this work and also that of Udhayakumar et al. (1991a), who studied another immature
B cell lymphoma, BKS-2. This may partly account for the difference between these
results and those of the Tisch et al. (1988) and Ales-Martinez et al. (1988)
transfectants, who used soluble anti-0 Abs. In addition Ales-Martinez and co-workers
used anti-allotype Abs, including AMS28.1.1. Although in this report AMS28.1.1
induced growth inhibition, a previous study found it was ineffective at inhibiting
normal B cells (Brines and Klaus, 1992). Differences in the epitope specificities
and/or crosslinking capacities of anti-0 Abs may therefore be relevant to the observed
differences in signalling properties of sig in the lymphomas.
Webb et al. (1989) further investigated the role of different isotypes of sig in
the CH33 lymphoma by transfecting cells with chimeric Ig molecules composed of
the extracellular domain of IgM and the membrane coding exons of IgD, IgG2b or
IgA heavy chain. All the transfectants that expressed these chimeric molecules were
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growth inhibited by anti-^ Abs, suggesting that all isotypes of sig may be capable of
generating negative signals. However, Iwabuchi et al. (1992), using WEHI-231 cells,
similarly made chimeric constructs of /a or 5 extracellular heavy chain domains with
membrane regions of different isotype, either /t, Ôor ?2b. These authors found that
the chimeric molecules failed to deliver negative signals to the B lymphoma cells.
There is no clear reason for these contradictory results.
An alternative explanation for the apparent discrepancy between the results of
this study and those of Tisch et al. (1988) and Ales-Martinez et al. (1988) was
suggested by Webb et al. (1989). These observed that the degree of anti-0 induced
inhibition was dependent on culture conditions, particularly on the concentration of
PCS in the medium: thus implying that serum may contain factors that are capable
of altering the response. For example, previous studies have shown that IgD is more
susceptible to cleavage by proteases than IgM (Cambier et al., 1977). This may
account for some of the variability in inhibition noted in this study with both soluble
and immobilised anti-ô Abs. Another possibility was that LPS contamination of Ab
preparations or PCS could counteract the IgD-mediated negative signal. To address
these two points the cell lines were adapted to grow in serum-free medium
supplemented with Nutridoma-SP (Boehringer Mannheim GmbH, Germany), and a
series of growth inhibition assays with soluble or immobilised anti-ô Abs carried out
in serum-free conditions. However, the anti-ô induced inhibition was again very
inconsistent (data not shown), and no conclusions could be drawn regarding the effect
of serum on growth inhibition.
It has been reported that ligation of sIgM on these B lymphomas induces
apoptosis (Hasbold and Klaus, 1990, Benhamou et al. , 1990). In agreement with these
studies the results in Table 3.2 show that the B lymphomas do undergo anti-/A-induced
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apoptosis, which is detectable at 24 h and reaches levels of 10 - 30% by 48 h. In
contrast, ligation of IgD did not induce any detectable apoptosis. Further investigation
of apoptosis using FACS analyses showed that culture of cells with soluble anti-IgM
Ab (both biotinylated and non-biotinylated b.7.6) blocked cells in the Gi phase of the
cell cycle (Fig. 3.9 and Table 3.3), as previously reported by Scott et al, (1986). The
failure of cells to progress through the cell cycle accounts for the reduction in
pH]TdR uptake seen in growth inhibition assays. Hypercrosslinking biotinylated b.7.6
with avidin also induced the cells to accumulate in Gi, and in addition induced DNA
fragmentation. This suggests that the degree of sig crosslinking is critical for inducing
apoptosis.
However, it was notable that even following 48 h culture with anti-^ the
majority of cells were not apoptotic, although by this time the level of pH]TdR
uptake was typically reduced by some 90%. In addition, the cells were still viable for
up to 24 h of culture with anti-IgM Ab as judged by trypan blue staining. It was
possible that these cells would die at a later time point, or alternatively the cells might
remain alive and resume growth upon removal of anti-/x. The results in Fig. 3.10
show that IgM-mediated inhibition was reversible in WEHI-231, and cells were able
to proliferate normally following removal of the antibody from the culture medium.
Taken together, the results from these studies suggest that two outcomes are possible
following ligation of sIg. The cells may either be triggered to apoptose, or may be
severely growth arrested, only to recover upon removal of the inhibitory agent.
However, in contrast to this, Jakway et al. (1986) found that anti-^ Ab induced
irreversible growth inhibition in WEHI-231. There is no clear reason for the
difference in results, although it is noteworthy that our line of WEHI-231 appear to
be relatively apoptosis resistant (Hasbold and Klaus, 1990), and may have drifted in
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culture from the original IgD-negative line. A recent paper by Gottschalk et al. ,
(1993) showed marked differences in apoptosis-sensitivity between three sublines of
WEHI-231, which suggests there will be some variation in the observations between
laboratories until the various WEHI-231 sublines are more clearly identified and
characterised.
As discussed in section 1.6, B cells expressing autoreactive Ig receptors are
thought to be negatively regulated through inactivation or deletion. The immature B
cell lymphomas used in this work have frequently been used as a model for studying
tolerance mechanisms in immature B cells. Results presented here and reported by
others (Hasbold and Klaus, 1990, Benhamou et a l , 1990) show that ligation of
antigen receptors on these cells induces apoptosis and suggests that this system may
provide a useful in vitro model for studying clonal deletion of immature B cells.
However, it is also clear that not all the cells undergo apoptosis. It therefore seemed
possible that our subline of relatively apoptosis resistant WEHI-231 might instead
become anergic in response to anti-Ig. It was hoped to test this using WEHI-ôM
tolerised (inhibited) with anti-IgD Abs, and testing for anergy by challenge with antiIgM and/or LPS. However, numerous studies with soluble or immobilised anti-IgD
Ab induced only variable responses and it was not possible to establish a protocol for
consistent IgD-mediated inhibition. The subsequent use of biotinylated anti-0 mAbs
and avidin has induced reproducible inhibition of the ô-transfected lymphomas, and
it may therefore now be possible to carry out such experiments.
Many studies have shown that certain key factors determine whether B cells
are deleted, rendered anergic or activated following encounter with antigen. Such
factors include the stage of B cell development, the degree of receptor engagement
and the presence of concurrent signals. For immature B cells the importance of
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factors such as antigen valency, Ig-receptor affinity and the level of receptor
engagement are well documented (reviewed in Nossal, 1983), giving rise to the idea
of signalling thresholds for the induction of B cell anergy or clonal deletion. Lower
concentrations of antigen, particularly if oligovalent or recognised with low affinity,
may induce anergy or simply fail to have an effect. In contrast, higher levels of
antigen of more multimeric nature has been shown to induce clonal deletion (reviewed
in Goodnow 1992). Such a model might be relevant to the data presented here. At
this immature stage of B cell development IgM mediates a negative signal. A poorly
crosslinking anti-IgM Ab may fail to produce sufficient receptor multimerization to
trigger the apoptosis signalling pathway thus inducing growth arrest of the
lymphomas, but not cell death. A highly crosslinking anti-IgM Ab, such as
biotinylated anti-/* plus avidin, will cause a high degree of multimerization and trigger
apoptosis. The situation regarding IgD-mediated signalling in these immature cells is
more complicated. The results indicate that extensive crosslinking by anti-ô Abs
induced growth inhibition, but not apoptosis, implying that IgD cannot induce
apoptosis at this early stage of development. This might suggest that sIgD delivers
weaker negative signals than sIgM, and is in agreement with Brines and Klaus (1992),
who found that anti-ô-induced inhibition in neonatal B cells was weaker than that of
anti-/*.
Ligation of sIgM causes WEHI-231 cells to arrest at the Gi stage of cell cycle
(Scott et al. , 1986), accounting for the reduction in pHJTdR in the growth inhibition
assays. Page and Defranco have suggested that anti-IgM causes Gi arrest by slowly
affecting components required for S phase progression, rather than rapidly inhibiting
such components or by rapidly activating a suicide mechanism. It would be interesting
to determine whether quantitative differences in the degree of receptor
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multimerization bring about purely quantitative differences in a common set of second
messengers, or trigger discrete biochemical pathways. It has generally been thought
that clonal deletion of immature B cells occurs by apoptosis induced by sig
crosslinking, with support for this idea coming from the immature B lymphoma
model. However recent work on tolerance in transgenic mice has suggested that the
immature cells die by default, as a result of arrested development (Hartley et al. ,
1993). The two possibilities are not necessarily contradictory, as the cell death
following arrested development may be apoptotic. Very little is known about the
mechanism of apoptotic cell death in the immature B lymphoma lines. Classical
models of apoptosis have suggested that DNA and RNA synthesis are prerequisites,
however several studies have shown that inhibition of RNA synthesis in WEHI-231
actually induce apoptosis, and there are conflicting results as to whether protein
synthesis is required for cell death (Ishida et at., 1992, Cuende et a l , 1993).
Additionally, gene products such as PD-1 and Bcl-2, which are known to be involved
in rapid programmed cell death in a number of lymphocyte models (Hockenbury et
at. , 1990, Ishida et at. , 1992), are not expressed in sig mediated apoptosis in WEHI231 (Ishida et al. , 1992, Cuende et al. , 1993). Therefore it is possible that cell death
in the lymphomas also occurs by default.

3.13.2.

Discussion part II: Modulation of B cell tolerance by T cell-derived
influences.

As discussed in section 1.5, the response of mature B cells to TD antigens is
known to be regulated by both contact-mediated and lymphokine signals from Th cells
(reviewed in Noelle and Snow, 1991, Parker, 1993). Much information concerning
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the roles of lymphokines in T-dependent responses has come from studies of helper
activity of the Thl and Th2 cell lines in the mouse, which are distinguished by their
patterns of lymphokine secretion. Thl cells secrete IL-2, IFN-7 , TNFa and /3, IL-3
and GM-CSF, whilst Th2 lines produce IL-4, IL-5, IL-10, IL-lof, IL-3 and GM-CSF
(reviewed in Coffman et al., 1988). Both T cell subsets are effective helper cells in
vivo, but Th2 cells are more effective in vitro. Studies using puriAed T cell plasma
membranes (PM) have shown that there are no substantive differences between Thl
and Th2 cells in providing contact dependent T cell help (Noelle et a l, 1991), and
hence imply that the different capacity to provide help is due to the differential
secretion of lymphokines.
In mice, the Th2 derived lymphokines IL-4 and IL-5 have been reported to
modulate anti-/x induced inhibition of the immature B lymphomas (Scott et al.,
1987b), and IL-4 has also been shown to modulate inhibition in neonatal B cells
(Brines et a l , 1991). IL-4, IL-5, and two other Th2-derived interleukins IL-lof,
which influences survival of germinal centre centrocytes (Liu et al., 1991), and IL10, a B cell viability factor (Go et al., 1990, reviewed in de Waal Malefyt et al.,
1992), were tested for capacity to modulate Ig-induced inhibition. The results of the
present study, in agreement with a recent study by Tsubata et al. (1993), suggest
none of these lymphokines reversed anti-Ig mediated growth inhibition in immature
B lymphomas, and in addition combinations of IL-4 and IL-5 had no effect (Figs.
3.11 and 3.12). This last result is in contrast to the work of Scott et al. (1987b), who
were able to reverse Ig-mediated growth inhibition by IL-4 and IL-5 in WEHI-231
and CH33. There is no ready explanation for this discrepancy although, it is again
possible that it reflects differences between sublines of these lymphomas.
A number of recent studies have shown the importance of contact-dependent
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T cell help for B cell activation. Mature B cells can be polyclonally activated in a
non-MHC restricted fashion by preactivated CD4-positive T cells, or membranes
prepared from them (Brian et a l , 1988, Noelle et al.y 1991). In the mouse such
contact-dependent T cell help for B cells results in marked proliferation in the
presence of IL-4, and differentiation to antibody-secreting cells under the influence
of IL-4 and IL-5 (Noelle et al. y 1991). In addition, several studies have shown that
neonatal B cells, which fail to proliferate in response to a number of stimuli which
activate mature B cells, can be activated by T helper cells (Chang et al. , 1991, Brines
and Klaus, in Int. Immunol, in press) We wished to further investigate whether such
contact-dependent T cell help would protect the B cell lymphomas against Ig-mediated
growth inhibition. To address this the Th2 T cell clone D10.G4.1, and a subclone
DIO.D, were activated and fixed, or irradiated before being added to WEHI-231 or
CH33 in anti-^ Ab growth inhibition assays. Activated, irradiated DIO cells, both
D10.G4.1 and DIO.D, partially reversed the growth inhibition in CH33 and CH31,
but not in WEHI-231 (Fig. 3.13). A similar protective effect was seen with
preactivated DIO cells fixed with paraformaldehyde, indicating that the reversal was
not due to secreted cytokines but involved contact-dependent signals. The preactivated
T cell clones provided dose dependent protection to the immature B lymphomas (Fig.
3.13), and the effect was induced by T cells activated with two different protocols,
over a wide concentration range of stimuli, but was not observed with resting T cells
(Fig. 3.14). This is in agreement with studies of contact-dependent T cell help in
mature B cells where it is known that the Th cells only become competent to induce
B cell activation after de novo protein synthesis (reviewed in Noelle and Snow,
1992). Ales-Martinez et al. (1991) also demonstrated a similar reversal of Ig-mediated
growth arrest in CH33 using irradiated D10.G4.1 cells, but concluded that a large
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part of the effect was due to secreted lymphokines. In addition, previous work within
the laboratory (Brines and Klaus, in Int.Immmunol., in press) has shown that these
T cells have cell-membrane associated IL-4. However, this study shows that fixed T
cells, which do not secrete lymphokines, provided effective protection to B lymphoma
cells which are known to be unresponsive to IL-4, indicating the importance of
contact-mediated T cell help.
It is not clear why the later experiments failed to reproduce these earlier
findings, as it was hoped to investigate whether T cells would also reverse anti-ô
mediated growth inhibition. One possibility was that the T cells were infected with
mycoplasma, but this is unlikely as the T cells were tested at regular intervals and
shown to be mycoplasma negative. It subsequently emerged that DIO.D is an unusual
Th2 cell line, as it does not express CD4 (J Jenson and J Hasbold, unpublished data).
These cells also grow in IL-2 alone without a need for antigen, and after a period of
continuous culture (ca. 2 months) the cells also became IL-2 independent. Many of
the above experiments used DIO.D cells and a possible explanation for the lack of
reproducibility is this apparent change in the characteristics of the T cell clone over
a long period of culture. It is unclear whether D10.G4.1 is also atypical or has drifted
in continuous culture. It was noted in later experiments that preactivated T cells
caused a greater reduction in the proliferation of the lymphomas than unactivated T
cells, which suggests that the cells produced some inhibitory factor following
activation. Possibly lymphokine(s) were involved as the T cell supernatants were as
inhibitory as the cells (Fig. 3.16).
Many studies have attempted to identify the non-polymorphic molecules that
mediate Th cell dependent B cell activation. Recent evidence indicates that CD40, a
B cell membrane protein related to the tumour necrosis factor (TNF) receptor, is a
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major receptor on B cells that is triggered by activated Th cells (reviewed in Parker,
1993, Noelle and Snow, 1992). CD40 is largely restricted to the B cell lineage, being
expressed on all mature B cells, and most mature and immature B cell lines including
WEHI-231 (Clark, 1990, Torres and Clark, 1992). Ligation of CD40 on mature
resting B cells promotes proliferation (Gordon et al, , 1988) which is enhanced by
anti-Ig Abs (Ledbetter et al. , 1987, Lane et al. , 1993), or by IL-4 (Malisewski et al. ,
1993). Antibodies to CD40 also delay spontaneous apoptosis in germinal centre
centrocytes (Liu et o/., 1989). In addition, ligation of CD40 induces proliferation in
neonatal B cells, which are unresponsive to many polyclonal activators of mature B
cells (Brines and Klaus, in Int. Immunol., in press). The physiological ligand for
CD40 (CD40L) is a 39 kDa type II membrane protein belonging to the TNF family
which is transiently expressed on the T cell surface following activation (Armitage
et al., 1992). We wished to investigate whether CD40L was involved in the T cellmediated protection observed in the early experiments with DIO cells. To this end
two forms of CD40L were used, a soluble chimeric fusion protein of CD40L-CD8a
(Lane et al. , 1993) and a membrane-bound form expressed on DMSO-induced murine
erythroleukaemia cells. It emerged that neither form of CD40L reversed growth
inhibition induced by biotinylated anti-/x or anti-ô Abs crosslinked with avidin. It was
also noted that culture with IL-4 plus the CD40L fusion protein did not protect
against Ig-mediated growth inhibition (Fig. 3.17).
These results were surprising given the positive effects of CD40L on neonatal
B cells and mature B cells, and are also in contrast to a recent paper by Tsubata et
al. (1993), who showed that signalling through CD40 abrogated sig mediated
apoptosis in WEHI-231 cells. There are several possible explanations for this
discrepancy, firstly, the WEHI-231 subline and its ô-transfectant daughter line are
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known to be unresponsive to IL-4, and may be unresponsive to other forms of T cell
help. Secondly, Tsubata et al. , (1993) used an anti-CD40 monoclonal antibody, which
may induce more efficient ligation and crosslinking than the CD40L reagents used
here. There is also the possibility that the protective effect observed with the DIO
cells is due to additional cell surface molecules on activated T cells. As previously
discussed (see section 1.6.4), within the Bretscher and Cohn (1970) 2 signal model
of B cell activation, the T cell derived signal 2 is likely to be complex and various
other T cell surface ligands have been implicated in contact-dependent T cell help.
It is highly likely that CD40, although playing an important role, is not the only
molecule involved in B cell survival.

3.13.3.

Discussion part III: biochemical signals involved in Ig-mediated growth
inhibition.

The biochemical basis of the inhibitory effects of ligating either sIgM or sIgD
receptors on immature B lymphomas is not yet elucidated. Crosslinking sIgM on
WEHI-231 triggers PIPg hydrolysis and the generation of IP3 and DAG (Fahey and
Defranco, 1987). Calcium ionophores and low concentrations of phorbol esters, which
together directly activate PKC, can partially mimic the effect of anti-Ig Ab to induce
growth inhibition (Gold and Defranco, 1987, Page and Defranco 1988), indicating
that PIP 2 hydrolysis and PKC activation play a part in the negative signalling
pathway. In addition two groups showed that mutant WEHI-231 subclones which
were resistant to Ig-mediated growth inhibition were defective in the phosphoinositide
signalling pathway (Monroe et al. , 1989, Page et al. , 1991). Page et al. (1991) found
negative signalling was restored by addition of calcium ionophore with anti-Ig Ab,
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implying a role for calcium, but Monroe et al. (1989), although showing that
activation of PKC would restore negative signalling in the mutant, suggest that
calcium mobilization is not important in the negative signalling pathway. Scott et at.
(1987a) also found that calcium mobilization does not correlate with Ig mediated
growth inhibition in a number of immature B lymphomas, and in addition showed that
activation of PKC with phorbol ester actually reversed Ig-mediated inhibition (Scott
et ah, 1987a, Warner and Scott, 1988). Gold and Defranco (1987) showed similar
results and suggested that PKC mediates a feedback inhibition mechanism on PIP2
hydrolysis preventing further Ig signalling. A similar feedback loop has been
demonstrated in mature B cells with PKC suggested to control PIP2 hydrolysis
through phosphorylation of PLC (Klaus et a h, 1989). As a final complication, Sartou
et ah (1989) have found that sIgM crosslinking is uncoupled from PKC translocation
in WEHI-231, and suggest that negative signalling is PKC independent. Very little
is known of the sIgD induced biochemical pathways although studies using ôtransfected immature B cell lymphomas have shown that transfected sIgD induced
calcium mobilization and generated

IP 3 ,

but did not induce growth inhibition (Ales-

Martinez et ah, 1988, Tisch et ah, 1988).
The above mentioned studies, although proposing various roles for PIP2
hydrolysis, all concluded that calcium mobilization and PKC activation are not the
only pathways involved in Ig-mediated growth inhibition, and may not even constitute
the main component of this effect. Ligation of Ig in the immature B lymphomas and
mature B cells also results in the activation of tyrosine kinase(s) (Gold et a h , 1990,
Campbell and Sefton, 1990, Brunswick et ah, 1991), and the subsequent
phosphorylation of a number of substrates (see section 1.3), many of which have been
implicated in signal transduction pathways and growth control in other cell types
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(reviewed in Desidero, 1992, Cambier, 1992). In B-lineage cells, multiple src-family
PTKs have been shown to be non-covalently coupled to the membrane Ig-receptor
complex, including p55*’"', p59^, p53/56^ and

(Burkhardt et aL, 1991,

Yamanshi et o/., 1991, Campbell and Sefton, 1992). Yao and Scott (1993), have
recently reported that pretreatment of CH31 B lymphoma cells with blk-antisense
could effectively prevent anti-f* induced growth inhibition and subsequent apoptosis,
suggesting that endogenous expression of blk gene product is required for slgmediated inhibitory signalling. Whether this result can be generalised to other murine
B cell lines is yet to be determined. Campbell and Sefton (1992) showed that in
WEHI-231 cells, fyn kinase activity was undetectable, although it was present in
splenic B cells. However, whether this data is related to differences between slgmediated signal pathways in mature and immature B cells is again not clear.
Gold et al. (1991) showed that ligation of IgM in mature B cells generated
tyrosine phosphorylation of IgM associated Iga and

but not the IgD associated co

receptor molecules. Ligation of IgD resulted in tyrosine phosphorylation of the IgD
associated proteins only and not the IgM associated proteins. Similar results were
reported by Ales-Martinez et al. (1992) in an IgD-transfected immature B cell line,
and suggest that sIgM and sIgD trigger discrete biochemical pathways. However, an
alternative possibility is that weaker sIgD-mediated signals may be due to quantitative
differences in second messengers. Protein tyrosine kinase inhibitors such as genistein
and herbimycin A have been used to show the importance of the tyrosine kinase
pathway in B cell activation (Carter et al. 1991, Roifman and Wang, 1991). However
Brunswick et al. (1992) have shown that dextran-conjugated anti-Ig Ab stimulated B
cell proliferation and Ig secretion in the absence of detectable tyrosine
phosphorylation, suggesting that tyrosine kinase independent pathways of B cell
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activation exist. To test whether tyrosine kinases were important in the negative
signalling pathway in immature B lymphomas, WEHI-231 and CH33 were incubated
with genistein or herbimycin A in growth inhibition assays. Unfortunately the cells
were killed by less than 200 ng/ml (less than 1 ^M) of the drugs (data not shown).
This toxic effect precluded establishing a direct link between sig-mediated tyrosine
kinase activity and the induction of growth inhibition.
Very little is known about the signalling pathway(s) downstream of PKC
which lead to B cell activation or inhibition. IgM-mediated activation of mature B
cells is associated with induction of several immediate-early response genes such as
egr-1, c-fos and c-myc. Seyfert et al. (1990) have shown lack of expression of egr-1
in WEHI-231 due to constitutive méthylation of the gene, and suggest additional
regulation of growth inhibition may occur at the nuclear level. However, this is
disputed by Gottschalk et al. , (1993), who showed a lack of correlation between Egr1 protein expression and anti-Ig induced apoptosis in three different sublines of
WEHI-231. Tsutsumi et al. (1992) have suggested that growth arrest may be induced
through modulation of PKC mRNA expression as has been observed in thymocytes.
They show that sig ligation leads to downregulation of PKC-eta message in WEHI231, but not in mature cells, however whether this plays a direct role in growth
inhibition and cell death is unclear.
A reagent frequently used to investigate downstream signalling in lymphoid
cells is the immunosuppressive drug cyclosporin A (CsA). CsA is thought to act by
forming a complex with cyclophilin which is inhibitory for the protein phosphatase
2B calcineurin, the latter enzyme is known to play a role in downstream signalling
in T cells by modulation of the transcription regulator NF-AT (Schreiber and
Crabtree, 1992). In experiments where WEHI-231 and CH33 were incubated with
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non-toxic concentrations of CsA in growth inhibition assays, the CsA did not have
any effect on growth inhibition, which suggests calcineurin is not involved in the
negative signalling pathway in these lymphomas. This result contrasts with the work
of Udhayakumar et al. (1991b) who showed that CsA reversed IgM mediated growth
inhibition in an immature B lymphoma BKS-2. However, as the BKS-2 lymphoma is
grown in mice as a splenic tumour whilst WEHI-231 and CH33 are grown as cell
lines in tissue culture, the three lymphomas may have quite different biochemical
requirements for growth inhibition and the reversal of such growth inhibition.
In conclusion the work presented in this chapter shows that IgD induces a
negative signal in the immature B cell lymphomas, albeit a weaker signal than that
induced by IgM. Thus it seems that both IgM and IgD induce tolerance in this model.
The importance of sig multimerisation for tolerance induction is illustrated in two
ways, firstly it was necessary to hypercrosslink sIgD in order to induce ô-mediated
tolerance. Secondly, there appear to be distinct thresholds of IgM signalling as cell
death was induced only by extensively multimerised receptors, whereas even low
level receptor oligomerisation induced growth arrest. Preliminary experiments with
preactivated fixed or irradiated T cells indicated the growth inhibition could be
reversed, however the effect could not be reconstituted with CD40L and/or Th2
derived interleukins.
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CHAPTER 4

HYPERCROSSLINKING SURFACE IgM OR IgD RECEPTORS ON MATURE
B CELLS INDUCES UNRESPONSIVENESS AND APOPTOSIS.

4.1.

Introduction.

It is generally accepted that crosslinking of sig results in DNA synthesis and
cell proliferation. Studies using anti-Ig bound to Sepharose or polyacrylamide beads
(Parker, 1975, Pure and Vitetta, 1980), or coupled to high molecular weight dextran
(Brunswick et ah y 1988), have illustrated the effectiveness of multivalent ligands in
inducing B cell activation. Other workers have established that extensive crosslinking
is a prerequisite in order to induce DNA synthesis (Goroff et al. , 1986, Mongini et
al. y 1992). An alternative widely used system of crosslinking cell surface receptors
is to immobilise anti-receptor antibodies on plastic. Immobilised anti-CD3 is known
to induce T cell proliferation and IL-2 production (Geppert and Lipsky, 1987, Gur
et al. y 1992), but very little information exists on the effects of immobilised anti-Ig.
Following on from experiments where immobilised anti-Ig antibodies had been shown
to induce inhibitory effects on immature B cell lymphomas, described in chapter 3,
we wished to investigate the effect of extensive crosslinking of sIgM and sIgD in
mature B cells.

4.2. Unresponsiveness in mature B cells induced by immobilised anti-Ig antibodies.

Soluble anti-Ig mAbs have previously been shown to be mitogenic (reviewed
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in Cambier and Ransom, 1987). However, results presented here show that anti-Ig
mAh immobilised onto tissue culture plastic did not induce DNA synthesis, but rather
induced a progressive unresponsiveness to subsequent mitogenic stimulation. As
shown in Figs. 4.1 and 4.3, if B cells were first cultured with immobilised anti-;* or
anti-ô mAb for 48 h, and then challenged with LPS (50/xg/ml) or soluble heterologous
anti-Ig (i.e. precultured with i-anti-0 and challenged with s-anti-/*, or vice versa), the
proliferative response was completely abolished. Control antibodies - normal rat Ig,
isotype-matched anti-CAMPATH-1 mAbs, or anti-Class I or IIM HC mAbs, had no
effect. However, immobilised non-mitogenic anti-/x or anti-ô mAbs were as effective
as the mitogenic mAbs (Fig. 4.1).
The degree of unresponsiveness was dependent on the concentration of i-antiIg Ab used, and it is noteworthy that i-anti-^ and i-anti-0 mAb induced equivalent
levels of inhibition. The effect was apparent at immobilised antibody concentration
of > 3 /ig/ml although, coating with 1(X) /xg/ml mAb was required to completely
abrogate the response to subsequent mitogenic stimuli (Fig. 4.3). pH]TdR and
pHJUrd uptake assays in B cells cultured with i-anti-Ig Ab showed that DNA and
RNA synthesis (Fig. 4.2) were markedly decreased in a dose- and time-dependent
manner. The effects were not Fc-dependent, since immobilised F(ab’)2 fragments of
anti-ô Ab 1.19 induced an equivalent degree of unresponsiveness to native antibody
(data not shown).
Fig. 4.3 illustrates that induction of unresponsiveness to LPS was also time
dependent: 48 h culture with i-anti-/x or anti-ô Abs induced maximal inhibition, but
partial unresponsiveness was observed at 24 h. In some experiments diminution of the
proliferative response was noted if cells exposed to
simultaneously with s-anti-Ig or LPS.
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i-anti-Ig were challenged

4.3.

Crosslinking of biotinylated anti-Ig antibodies with avidin abrogates their
capacity to induce DNA synthesis in B cells.

The results shown in section 4.2 suggested that hypercrosslinking of sig on
mature B cells generated inactivating signals. To further investigate this effect, B cells
were cultured with normally mitogenic biotinylated anti-/* or biotinylated anti-ô
antibodies in the presence or absence of avidin. This well established means of
inducing extensive crosslinking of cell surface molecules has been outlined previously
(see sections 2.2.8 and 3.3). As shown in Fig. 4.4, bio-anti-/^ (b.7.6) and bio-anti-ô
(1.19) induced DNA synthesis, which was maximal at ca. 10 - 20 /ig/ml with both
antibodies. It was noted that the biotinylated mAb induced consistently lower levels
of pH]TdR uptake than equivalent concentrations of native antibodies (data not
shown). Addition of a 2 fold (w/w) excess of avidin to these cultures (which previous
titration experiments had shown to be optimal), resulted in some proliferation at low
concentrations of mAb. However, at higher concentrations of crosslinked anti-Ig,
pH]TdR incorporation was reduced to below background. Similar results were
obtained with two other biotinylated anti-ô Abs, LO-MD-7 and AMS28.1.1 although,
bio-AMS28.1.1 was markedly less effective. Control experiments showed that avidin
at concentrations of up to 60 /xg/ml had no effect on proliferation, or on the response
to non-biotinylated anti-Ig Abs (data not shown). In addition, the inhibitory effect of
bio-anti-Ig Ab plus avidin was not reversed by supplementing the medium with
additional biotin (up to 25 fold the normal concentration), excluding the possibility
that avidin exerts toxic effects by depleting cultures of biotin.
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4.4.

Hypercrosslinking of biotinylated anti-Ig antibody inhibits proliferation by
heterologous anti-Ig antibody.

To determine whether bio-anti-Ig Ab hypercrosslinked with avidin induced
unresponsiveness to mitogenic signals, experiments were performed where B cells
were precultured with bio-anti-6 or bio-anti-/x Ab, with or without avidin, and
subsequently challenged with heterologous non-biotinylated anti-Ig Ab. Initially, the
same protocol was followed as described in section 4.2. (48 h culture with
hypercrosslinked anti-Ig Ab, followed by challenge with heterologous unconjugated
Ab and culture for a further 72 h in the presence of both hypercrosslinked and
unconjugated antibodies). However, it was found that the 48 h preculture was
unnecessary as hypercrosslinked bio-anti-Ig Abs induced unresponsiveness to
heterologous anti-Ig Ab added simultaneously with the tolerizing signal. Therefore in
subsequent experiments with bio-antibodies, the hypercrosslinked anti-Ig and the
unconjugated heterologous anti-Ig were added simultaneously, and the cells harvested
after 72 h of culture. Results showed that both bio-anti-/^ and bio-anti-6 Abs induced
dose-dependent DNA synthesis (Fig. 4.5). A combination of bio-anti-^, or bio-anti-6 ,
with a mitogenic concentration of the heterologous unconjugated mAb had little effect
on the response to native Ab. However, addition of avidin induced marked, dosedependent inhibition of the response to heterologous anti-Ig. As previously observed
with immobilised anti-Ig Abs, crosslinking of surface IgM or IgD produced
comparable inhibition (Fig. 4.5). The unresponsiveness was not seen with control
biotinylated Abs to other cell surface molecules, such as MHC Class I or Class II
(Fig. 4.5), but was induced by non-mitogenic bio-anti-/x or anti-6Abs (data not
shown).
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In order to test whether the inhibitory effect was Fc-dependent, P(ab’)2
fragments of bio-anti-ô were included in co-culture experiments with soluble anti-/*
Ab. As illustrated in Fig. 4.6, crosslinking bio-F(ab’)2 1.19 fragments with avidin
suppressed both the homologous response, and that to soluble anti-/*. Additionally,
including the anti-Fc receptor (anti-FcRII) Ab 24G2 (20 /*g/ml) in the culture system
did not suppress induction of unresponsiveness by crosslinked anti-Ig Ab, again
indicating the effect is not Fc-mediated (data not shown).
To investigate the kinetics of induction of unresponsiveness, mature B cells
were incubated with bio-anti-/* or anti-ô Ab, plus avidin, for 30 minutes or 4 h. The
cells were then washed to remove the hypercrosslinked anti-Ig, replated and
challenged with heterologous unconjugated mAb. The results (Fig. 4.7) showed that
a 30 minute pulse with either bio-anti-/* or bio-anti-0 Ab plus avidin was not
inhibitory, similarly, a 4 h pulse with hypercrosslinked bio-anti-/* had no effect.
However, a 4 h treatment with hypercrosslinked anti-ô consistently caused some 50%
inhibition of the proliferative response.

4.5.

Hypercrosslinking of biotinylated anti-Ig Abs induces progressive
unresponsiveness to LPS.

Although the hypercrosslinked bio-anti-Ig rapidly induced unresponsiveness to
heterologous anti-Ig, they did not induce unresponsiveness to LPS added
simultaneously at the start of the culture period. As shown in Fig. 4.8, 48 h
preculture with bio-anti-/* or bio-anti-ô Ab (10 /*g/ml), plus avidin, was necessary to
induce marked unresponsiveness to LPS (50/*g/ml), with some variable inhibition of
the LPS response observed after 24 h preculture.
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4.6.

Crosslinking of bio-anti-Ig mAb with streptavidin induces concentration
dependent effects.

It had been observed in preliminary titration experiments that the responses
to suboptimal concentrations of bio-anti-^ Ab were enhanced by crosslinking with a
critical concentration of avidin. This suggested that a low level of IgM crosslinking
induced activating rather than inhibitory signals. This was further investigated by
culturing B cells with bio-anti-Ig Abs crosslinked with streptavidin. As illustrated in
Fig. 4.9, low concentrations of bio-anti-^ Ab (< 1 0

fJ L g /m l)

titrated with equivalent

concentrations of streptavidin resulted in enhanced levels of pH]TdR uptake.
However, higher concentrations of bio-anti-jn (> 1 0 pig/ml) with increased
concentrations of streptavidin inhibited the proliferative response. In contrast,
crosslinking bio-anti-ô with streptavidin induced inhibition even at low concentration
ratios, which increased with increasing concentrations of bio-anti-0 and/or
streptavidin.

4.7.

IL-4 partially reverses inhibition induced by crosslinked anti-Ig antibodies.

IL-4 is known to modulate the induction of B cell growth arrest or apoptosis
in various systems (see chapter 3). Therefore, it was included in co-culture
experiments with immobilised or hypercrosslinked biotinylated anti-Ig Abs to
determine its effect in the mature B cell tolerance models presented here. Firstly, B
cells were cultured with i-anti-/i or i-anti-ô Ab in the presence of IL-4 (10 units/ml)
for 48 h, and subsequently challenged with soluble heterologous anti-Ig or LPS. As
shown in Fig. 4.10, IL-4 partially reversed unresponsiveness induced by i-anti-Ig Ab.
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However, the lymphokine had no effect if it was added to cultures at 48 h,
simultaneously with the mitogenic challenge (data not shown).
Further experiments also investigated the effects of IL-4 in the bio-Ab plus
avidin system. As shown in Figs. 4.11 and 4.12, cells cultured with bio-anti-Ig plus
avidin in the absence of IL-4 showed the expected inhibition. IL-4 partially reversed
the inhibitory effect, but this protection was dependent upon the concentration of antiIg. IL-4 reversed inhibition of DNA synthesis induced by 5 ^g/ml bio-anti-^ or anti-ô
in the presence of 2 fold (w/w) excess of avidin, but had no effect on inhibition
induced by higher concentrations of crosslinked bio-anti-Ig (Fig. 4.11). In titration
experiments, reducing the avidin : bio-anti-Ig ratio resulted in increased reversal by
IL-4. In addition, preculturing cells with IL-4 for up to 24 h also improved the
protective effect (data not shown).

4.8.

Ligation of CD40 partially reverses inhibition induced by crosslinked
biotinylated anti-Ig.

The importance of the CD40 ligand in contact-mediated T cell help for B cells
has previously been discussed (see chapter 3). To determine whether ligation of CD40
had any effect in the bio-Ab plus avidin model, both the membrane-bound form of
CD40L (CD40L^MEL cells), and the soluble chimeric fusion protein CD40L-CD8a
(see sections 3.11 and 3.13.2 respectively), were included in co-culture assays. In
agreement with published data. Fig. 4.12 shows that ligation of CD40 on the mature
B cells induced a moderate level of DNA synthesis, which was enhanced by co
stimulation with anti-Ig, and by IL-4 (Lane et al.. 1993, Maliszewski et al., 1993).
Fig. 4.12 shows a typical result from experiments where B cells were cultured
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with hypercrosslinked bio-anti-Ig Ab in the presence of CD40L and/or IL-4. As in
previous experiments, the response to bio-anti-/x or bio-anti-ô (10 /xg/ml) was
abolished by crosslinking with avidin (10 /xg/ml). Co-culture with CD40L-CD8a or
CD40L^MEL cells partially reversed the inhibition induced by avidin, although as
with IL-4, the reversal was dependent upon the concentration of anti-Ig Ab. Hence,
ligation of CD40 did not have any protective effect with concentrations of crosslinked
anti-Ig > 10 /xg/ml. Control wild type MEL cells or J558L supernatant did not induce
any reversal of inhibition.
Inclusion of both CD40L (in either soluble or membrane-bound forms) and IL4 had an additive effect, resulting in marked reversal of inhibition (Fig. 4.12). In
additional experiments where IL-4 and/or CD40L were tested for their capacity to
reverse unresponsiveness to heterologous unconjugated anti-Ig Ab, similar results
were obtained. Both T cell-derived factors individually induced partial reversal of
unresponsiveness at low concentrations of crosslinked bio-anti-Ig Ab, and the two
stimuli together gave optimal protection (data not shown).

4.9.

Hypercrosslinking biotinylated anti-IgM or anti-IgD antibodies induces
apoptosis in mature B cells.

Silencing of autoreactive B cells is believed to occur in two ways, by clonal
deletion of the cells, thought to be the result of apoptosis, or by clonal anergy
(reviewed in Goodnow, 1992). We therefore wished to determine which of these
mechanisms operated in the models of mature B cell tolerance presented here. Two
methods were used to determine whether B cells undergo apoptosis following
hypercrosslinking of Ig receptors. The first was to incubate B cells with bio-anti-Ig,
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with or without avidin, and subsequently stain the nuclei with propidium iodide in
order to detect DNA fragmentation by flow cytometric analysis.
As shown in Fig. 4.13 and Table 4.1, nuclei of fresh B cells gave the expected
sharp diploid DNA peak. In some experiments a small shoulder was observed on the
diploid DNA peak, which may represent cells beginning to fragment their DNA
spontaneously. Cells cultured for 16 h in medium or with control bio-antidass I or
anti-class II Abs plus avidin showed a similar staining profile, with ca. 12 - 15 % of
the nuclei with subdiploid DNA. Cells cultured with bio-anti-Ig alone also showed
some 15% of nuclei with subdiploid DNA, which contrasts with the profiles seen in
cultures with bio-anti-Ig plus avidin where a distinct peak, comprising ca. 40% of the
nuclei, gave a subdiploid DNA staining pattern typical of apoptotic cells.
Fig. 4.14 illustrates the forward-scatter (FSC: size) and side-scatter (SSC:
granularity) profiles of the same B cell nuclei. Nuclei from the freshly prepared cells
showed a tight FSC/SSC distribution characteristic of resting lymphocytes. However,
following culture in medium for 16 h a proportion (ca. 20%) had fragmented
spontaneously, as evidenced by the appearance of a heterogeneous population of
smaller, more granular (side scatter) particles. Nuclei of cells cultured with bio-anticlass I or anti-class II Abs plus avidin showed similar scatter profiles, whereas those
cultured with bio-anti-/^ plus avidin gave a profile with a markedly increased (ca.
80%) population of high SSC, low FSC particles. Similar results were obtained with
both mitogenic and non-mitogenic bio-anti-ô Abs. In a number of experiments it was
noted that un-crosslinked bio-anti-/^ and anti-ô Abs caused some increase in the high
SSC population, and induced a small apoptotic peak in PI fluorescence profiles, but
this effect was not studied further.
Table 4.1 lists a summary of the results from this experiment, and shows that
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crosslinked anti-/* and anti-ô Ab induced detectable levels of apoptotic nuclei above
background within 4 h, with some 40 - 60% of B cells appearing apoptotic after 24
h. Fig. 4.14 shows that following 16 h culture with bio-anti-/x plus avidin only ca.
16% of nuclei retained the scatter characteristics of live cells, suggesting that the
majority of B cells undergo apoptosis in response to crosslinked anti-Ig Ab. However,
the percentage of B cells containing subdiploid levels of DNA on the PI fluorescence
proflles did not reach 100%, even after longer periods of culture. This discrepancy
may be explained by the fact that cells which rapidly apoptose would be excluded
from the analysis at later time points as their nuclei may have fragmented to such an
extent as to be gated out as debris.
The second method of detecting apoptosis in mature B cells was by analysis
of genomic DNA by gel electrophoresis. DNA prepared from B cells cultured for 4
h in medium or with bio-anti-/x alone showed the "laddering" pattern of nucleosomal
DNA fragments characteristic of apoptosis. This pattern was more evident in cells
cultured with bio-anti-/^ plus avidin (Fig. 4.15). The experiment was repeated several
times with differing methodology, significant background DNA fragmentation was
consistently observed in control cells, even after only 4 h culture. These results agree
with those obtained by PI staining in detecting a proportion of resting B cells which
rapidly undergo apoptosis in culture. However, since the gel electrophoresis assay is
not quantitative, it was difficult to demonstrate differences between treated and
control cultures using this method. Therefore, for most analyses, the PI staining and
FACS analysis method was used to obtain more readily quantifiable data.
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4.10.

Immobilised anti-IgM or anti-I^D antibodies induce apoptosis in mature B
cells.

Induction of apoptosis by i-anti Ig Ab was investigated using the PI staining
and FACS analyses method. Culturing B cells with i-anti-Ig Abs (50 ^g/ml) for 24
h resulted in a marked increase in apoptosis above background (Fig. 4.16), and a
corresponding increase in the high SSC, low FSC population of nuclei was also
observed (data not shown). Control i-anti-class I or anti-class II Abs had no effect,
but non-mitogenic anti-/x and anti-ô Abs did induce an equivalent degree of apoptosis.
Culturing B cells with i-anti-Ig Abs for 48 h resulted in much greater levels of
apoptosis (>80% ), but increased spontaneous apoptosis (up to 50%) in control cell
cultures was also noted. These high levels of background apoptosis were not observed
in the bio-Ab plus avidin model, and are presumably due to the longer culture period
used in the immobilised Ab model, and differences in cell harvesting methods.
Viability studies, using trypan blue exclusion, showed that even after 48 h
culture with i-anti-Ig, a small percentage of the cells, ca. 20%, were still alive. It was
possible that the viable cells had become anergic, so we wished to determine whether
the cells would recover their responsiveness following removal of the tolerizing
signal. To this end, cells were cultured with i-anti-/^ or anti-ô Ab for 48h and the
viable cells then recovered. These were washed, replated and challenged with soluble
heterologous anti-Ig or LPS. As shown in Fig. 4.17, cells precultured in medium
alone responded normally to the mitogenic stimuli. However, cells cultured with ianti-fjL or anti-ô Abs failed to respond to the stimuli and also showed decreased
background DNA synthesis, indicating they do not recover. The fact that their
proliferation is greatly reduced, together with the high apoptotic figures in PI staining
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profiles suggests that, as with the bio-Ab plus avidin system, virtually all cells are
triggered to undergo apoptosis.

4.11.

Hypercrosslinking sig induces abortive B cell activation.

To determine if hypercrosslinking sig receptors induces any detectable changes
characteristic of B cell activation, cells were cultured with bio-anti-Ig, in the presence
or absence of avidin, or with i-anti-Ig Abs for 12 - 16 h. Cells were then recovered
and stained with FITC-conjugate mAb for IgM, IgD, CD45, and MHC class I or
class n, and analysed by flow cytometry. Table 4.2 shows results from a
representative experiment where cells were cultured with i-b.7.6 or i-1.19. The i-antiII treated cells appear to have decreased levels of staining for all markers tested.
However, this is probably an artefactual result arising because some greatly
fragmented cells were excluded from the live gate. Most notably the anti-Ig treated
cells displayed marked increases in their levels of class II antigens, characteristic of
activated B cells (Mond et a/., 1981,), whereas levels of Class I antigens were
unaffected. In some experiments, anti-Ig treated B cells showed some reduction of
CD45 levels, which has not been studied further. The results of staining with anti-^
Ab FITC-AK4 or anti-ô Ab FITC-1.19 showed that cells cultured with either class
of i-anti n displayed some variable decreased expression of sIgM and sIgD, but no
consistent change in sig levels were observed.
Similar results were observed in experiments where cells were cultured with
hypercrosslinked bio-anti-^x or anti-ô (Table 4.3). Thus, cells cultured with bio-anti-Ig
in the absence of avidin increased their expression of class II antigens, as would be
expected of a mitogenic stimulus, but cells cultured with bio-anti-Ig plus avidin
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similarly had increased levels of Class II. Hence, cells which have been exposed to
hypercrosslinked anti-Ig and which survive for this period do become abortively
activated, even though they do not subsequently progress to DNA synthesis.

4.12.

Induction of apoptosis by hypercrosslinked anti-Ig antibodies is abrogated to
varying degrees by IL-4. CD40L and a monoclonal antibody to CD40.

As shown in sections 4.7 and 4.8, IL-4 and, to a lesser extent, CD40 ligand
reversed inhibition induced by hypercrosslinked anti-Ig as measured by proliferative
assays. The capacity of these T cell derived factors to modulate apoptosis was
therefore investigated. Culturing B cells with i-anti-Ig Abs induced marked apoptosis
and an increase in the high SSC, low FSC population as expected (Fig. 4.18).
Inclusion of IL-4 (10 u/ml) reduced spontaneous apoptosis and also reduced the effect
elicited by i-anti-Ig Ab by over 50%. Similar IL-4 mediated protective effects were
observed if bio-anti-Ig plus avidin was used (Fig. 4.19).
In experiments investigating the capacity of CD40 ligand to modulate induction
of apoptosis, CD40L-CD8a fusion protein reduced both background apoptosis, and
apoptosis induced by hypercrosslinked anti-Ig (data not shown). However, the
protective effect was small, being less than that mediated by IL-4, and varied between
experiments. Subsequent to the completion of this report, a monoclonal anti-CD40
antibody was produced in the laboratory (J Hasbold, manuscript in preparation).
Experiments carried out by M Holman (Parry et al. , paper submitted) repeated the
above experiments using anti-CD40 in place of CD40L-CD8a fusion protein. As
shown in Fig. 4.19, B cells cultured with hypercrosslinked bio-anti-Ig have 70%
apoptotic nuclei, in contrast to some 30% in those cultured with medium. Inclusion
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of IL-4 reduced spontaneous apoptosis, and also reduced the effect elicited by bioanti-ô plus avidin. Similarly, anti-CD40 mAb reduced both background and induced
apoptosis, although again to a lesser extent than IL-4. Finally, the two stimuli
together caused marked suppression of spontaneous apoptosis and caused a reduction
of induced apoptosis. We therefore conclude that both IL-4 and ligation of CD40
partially protect B cells from the inhibitory effects of sig hypercrosslinking, but that
the two stimuli together give optimal protection.
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Figure 4.1. Induction of unresponsiveness in mature B cells by pretreatment with
immobilised anti-Ig monoclonal antibodies. B cells (2 x 10^/well) were cultured for
48 h with i-anti-Ig mAb at the indicated concentrations. Soluble, heterologous anti-Ig
(10 /xg/ml) was then added to all wells and the cells cultures for a further 72 h. Panel
A: cells were precultured with mitogenic anti-/x Ab i-b.7,6 (•), or non-mitogenic
anti-/A i-AK7 (o), and challenged with s-1.19. Panel B: cells were precultured with
mitogenic anti-ô Ab i-1.19 ( a ), non-mitogenic anti-5 i-JA12.5

(a )

or control anti-

Class I Ab i-11.4.1 (■), and challenged with s-b.7.6. Cells were harvested after a 4
h incubation with pH]TdR. Points are means ± SEM (n=3).
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Figure 4.2. Effects of immobilised anti-Ig on RNA synthesis in B cells. B cells (2 x
10^/well) were cultured with immobilised anti-ô mAb 1.19 at the indicated
concentrations or with irrelevant anti-CAMPATH-1 mAb YTH34.5Gi. (A) B cells
were exposed to immobilised antibody for 24 h. (B) In the same experiment, B cells
were exposed to immobilised to immobilised antibody for 48 h. Cells were harvested
after a 4 h pulse with pH]Urd. Points are means ± SEM (n=3).
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Figure 4.3. Induction of non-responsiveness in B cells is dependent on the period of
culture with immobilised anti-Ig monoclonal antibody. B cells (2 x 10^/well) were
cultured with immobilised anti-ô mAb for 0 h (solid line), 24 h (dotted line), or 48
h (dashed line), prior to the addition of LPS (50 ;*g/ml). Cells were further cultured
with LPS for 72 h, with a final 4 h incubation with pH]TdR. Points are means ±
SEM (n=3). For points without error bars, the error bars were smaller than the
symbols.
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Figure 4.4. Effects of crosslinking biotinylated anti-^ (b.7.6 : panel A) or anti-ô (1.19
: panel B) mAb with avidin on their capacity to induce DNA synthesis in B cells. B
cells were cultured with 0 - 5 0 /xg/ml bio-anti-Ig in the presence or absence of a 2fold (w/w) excess of avidin, added 30 minutes after the bio-anti-Ig. pH]TdR uptakes
were determined after 72 h of culture. Data are means ± SEM (n=3).

136

B)
30

60
°

B io -a n ti-ii

^

B io -a n ti-n

□
+

20

40

9

10

20

0

B io -a n ti-6

A B ib -a n ti-6

avidin

R-

-

A nti-6

100
Anti-Ig

+

avidin

0

100

(|ig/m l)

Figure 4.5. Effects of crosslinking sIgM or sIgD receptors with biotinylated mAb plus
avidin on the responses of B cells to heterologous stimulation. B cells were cultured
for 72 h with 1, 5 or 10 /xg/ml bio-anti-/^ (b.7.6

panel A), bio-anti-ô (1.19

panel B), or with 1 - 2 0 /xg/ml bio anti-Class I (11.4.1), or anti-Class II (NIMR-4,
panel C): in panels A and B some groups additionally received 10 /xg/ml of the
unconjugated heterologous anti-Ig with ( a ), or without (■) avidin, added after a 30
minute interval at a 1 : 2 (w/w) ratio to mAb. Corresponding groups in panel C
received unconjugated anti-ô, in the presence or absence of avidin. pH] TdR uptakes
were determined after 72 h of culture, data are means ± SEM (n=3).
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Figure 4.6. Effects of crosslinking sIg receptors with biotinylated F(ab ’)2 fragments
plus avidin on the response of B cells to heterologous stimulation. B cells (1 x
10^/well) were cultured with 10 /ig/ml bio-1.19 or bio-F(ab’)2l . l 9 in the presence or
absence of avidin (10 /xg/ml), added 30 minutes after the bio-anti-ô. Some groups
additionally received 10 /xg/ml of the unconjugated heterologous mAb (s-b.7.6). pH]
TdR uptakes were determined after 72 h of culture. Data are means ± SEM (n=3).
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Figure 4.7. Effects of pulsing B cells with crosslinked bio-anti-ô or bio-anti-/* on
subsequent responses. In panel A) B cells at lOVml were incubated at 37°C with 10
/Ag/ml bio-anti-ô Ab 1.19 or bio-anti-^ b.7.6 for 30 minutes, when some of them
received avidin (20 fig/ml) for a further 30 minutes. In panel B) B cells were
incubated with bio-antibodies for 30 minutes, and then some groups received avidin
for a further 4 h. In both instances these cultures were then washed, counted and
plated out at 10^ viable cells/well, when some were stimulated with 10 /ig/ml of the
indicated heterologous anti-Ig mAb. In panel C) B cells were plated out with the
indicated additions in the usual protocol. All cultures were assayed for pH]TdR
uptakes 72 h after replating.

139

A)

30

min

B)

pulse

4

hr

pulse

50

40

30
1
o

40

20

X
10
h
CL
0

QJ
ro
-M
CL
D
Œ

C)

I

I Medium

bio-anti-6

40

1%^ b i o - a n t i - u
30

%

n
'

exposure

50

~o
h-

Continuous

' 20

bio-anti-u/Av
bio-anti-u/anti-6
bio-anti-u/Av/anti-6

10

bio-anti-6/Av
bio-anti-6/anti-u
bio-anti-6/Av/anti-u

Figure 4.8. Hypercrosslinking of biotinylated anti-Ig mAb induces delayed
unresponsiveness to LPS. B cells (2 x 10^/well) were cultured with bio-anti-^i or antiÔ (10 /xg/ml) plus LPS (50 /xg/ml) in the presence or absence or avidin (20 /xg/ml).
All groups were cultured for 120 h in total, and bio-anti-lg with or without avidin
was added for the final 72 h. (A) LPS was added to cells simultaneously with the bioAb ± avidin for the final 72 h. (B) LPS was added to cells 24 h prior to addition of
bio-Ab ± avidin. (C) LPS was added to cells 48 h prior to addition of bio-Ab ±
avidin. Control responses were : bio-b.7.6 : 23,594 cpm; bio-b.7.6 plus avidin : 44
cpm; bio-1.19 : 18,211 cpm; bio-1.19 plus avidin : 46 cpm.
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Figure 4.9. Hypercrosslinldng of biotinylated anti-Ig antibodies with streptavidin
induces concentration-dependent effects. B cells (10^/well) were cultured with the
indicated concentrations of (A) bio-b.7.6, or (C) bio-1.19. some groups additionally
received streptavidin (B and D), at a 1 : 1 or 1 : 2 ratio (w/w) of bio-Ab :
streptavidin, added 30 minutes after the bio-anti-Ig. Streptavidin only, at the indicated
concentrations, had no effect on the B cells (E). pH]TdR uptakes were determined
after 72 h of culture. Data are means ± SEM (n=3).
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Figure 4.10. IL-4 partially reverses inhibition induced by immobilised anti-Ig. B cells
(2 X 10^/well) were cultured with the indicated concentrations of i-anti-/* b.7.6 (■□)
or i-anti-ô 1.19 ( • o ) in the presence or absence of 10 U/ml IL-4 (•■ ). After 48 h,
cells were challenged with 10 /xg/ml soluble heterologous anti-Ig Ab (panel A), or 50
/xg/ml LPS (panel B), and cultured for a further 72 h. pH]TdR uptakes were
determined as Fig. 4.1, and results are expressed as means ± SEM (n=3).
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Figure 4.11. Effects of IL-4 on responses to bio-anti-pi in mature B cells. B cells
(10^/well) were cultured for 72 h in the presence of IL-4 (10 U/ml). Groups
additionally received i) bio-anti-^ b.7.6 at the indicated concentrations; ii) bio anti-/*
plus avidin at a 1 : 2 ratio (w/w : bio mAb : avidin), added after 30 minutes; iii) bio
anti-/* plus unconjugated anti-ô 1.19 (10 /*g/ml); iv) bio-anti-/* plus avidin plus
unconjugated anti-0. Cells were harvested after a final 4 h incubation with pH]TdR.
Results are expressed as means ± SEM (n=3). Similar results were obtained with
hypercrosslinked bio-anti-ô mAb (data not shown),
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Figure 4.12. Ligation of CD40 and/or IL-4 partially reverses inhibition induced by
hypercrosslinked biotinylated anti-Ig antibodies. B cells (10^/well) were cultured with
bio-anti-/! b.7.6 or bio-anti-ô 1.19 (10 fig/ml) in the presence or absence of avidin (10
/xg/ml) for 72 h. Some wells additionally received IL-4 (10 U/ml) and/or CD40LCD8a fusion protein (1 : 10 dilution supernatant) at the start of the culture period.
Cells were harvested after a final 4 h incubation with pH]TdR. Results are expressed
as means ± SEM (n=3). Similar results were obtained with CD40L^MEL cells in
the presence or absence of IL-4 (data not shown).
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Figure 4.13. DNA staining profiles of nuclei from B cells cultured with crosslinked
anti-Ig antibodies. Fresh B cells (panel a) or B cells cultured for 16 h in medium, or
with bio-anti-/i b.7.6, or bio-anti-Class I Ab 11.4.1, in the presence or absence of
avidin. Nuclei were stained with PI for FACS analyses as described in section 2.4.2.
The figure shows DNA profiles of samples abstracted from the experiment
summarized in Table 4.1. The dashed line in panel a) represents the gate used to
determine the percentages of apoptotic nuclei (i.e. with subdiploid levels of DNA)
given in Table 4.1.
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Figure 4.14. Effects of crosslinked anti-Ig on scatter profiles of B cell nuclei. Freshly
prepared B cells (panel a), or cells cultured with the indicated stimuli (10 fig/ml bioanti-/i b.7.6 or bio-anti-Class I 11.4.1, with or without 20 /ig/ml avidin) for 16 h.
Nuclei were stained with PI as in Table 4.1. The figure shows the FSC versus SSC
contour plots of nuclei to illustrate the markedly increased numbers of nuclei with
decreased size and increasing granularity induced by bio-anti-^ plus avidin (panel f).
The figures in the top and bottom right-hand comers of each panel represent the
percentages of ’apoptotic’ and normal nuclei, respectively, defined by the indicated
gates.
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Figure 4.15. Detection of apoptosis in mature B cells by gel electrophoresis. B cells
(10 X 10^/sample) were cultured for 4 h with medium (panel A), 10 /xg/ml bio-anti-^
b.7.6 (panel B), bio-anti-/i plus 20 |*g/ml avidin (panel C) or avidin (panel D). DNA
was extracted, and gel electophoresis carried out as described in section 2.4.4.
Aliquots of DNA of 5, 10, 20, 30 or 40 /d were loaded (lanes 1 to 5 respectively).
Bst Eli digested lambda DNA were used as size markers. The "laddering" pattern of
nucleosomal DNA fragments was most evident in cells cultured with bio-anti-/* plus
avidin.
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Figure 4.16. Hypercrosslinking sig with immobilised antibody induced apoptosis in
mature B cells. B cells were cultured with 50 /*g/ml i-anti-/t b.7.6 or i-anti-0 1.19 or
medium only for 24 h. Cells were lysed and the nuclei stained with PI as previously
described (see section 2.4.2). The figure shows DNA profiles of samples with the
percentage of apoptotic nuclei indicated.
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Figure 4.17. B cells do not recover from the unresponsive state following removal
of the immobilised anti-Ig antibodies. B cells (2 x 10^/ml) were cultured in costar
wells with (B) i-b.7.6 (50 /xg/ml), (C) i-1.19 (50 /xg/ml) or (A) uncoated wells for 48
h. Live cells, as judged by Trypan blue exclusion, were recovered, washed and
replated in microtitre plates (10^/well) for a further 72 h of culture. Some wells
additionally received s-b.7.6 (30 /xg/ml), s-1.19 (30 /xg/ml) or LPS (50 /xg/ml) for the
final 72 h. Cells were harvested after a final 4 h incubation with pHJTdR. Results are
expressed as means ± SEM (n=3).
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Figure 4.18. Effects of co-stimulation with IL-4 on the induction of apoptosis in B
cells. B cells (10^/ml) were cultured for 24 h with medium alone or with 50 uglmX
immobilised antibodies: mitogenic anti-^ b.7.6, non-mitogenic anti-|x AK7, mitogenic
anti-ô 1.19 or non-mitogenic anti-ô JA12.5. Half the groups additionally received IL-4
(10 U/ml). They were then stained with PI. The figure shows the high SSC, low FSC
population (as in Figure 4.14), with results expressed as the percentages of apoptotic
nuclei.
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Figure 4.19. Effects of co-stimulation with anti-CD40 and/or IL-4 on the induction
of apoptosis in B cells. B cells (at lO^/ml) were cultured for 16 h with medium alone,
with 10 ^g/ml bio-anti-ô + 10 /xg/ml avidin, in the presence or absence of anti-CD40
mAb (10 /xg/ml) and/or IL-4 (10 U/ml). They were then stained with PI, and nuclei
with subdiploid levels of DNA were assayed by flow cytometry as described in
section 2.4.2.
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Table 4.1

TIME-COURSE OF THE APPEARANCE OF APOPTOTIC B CELLS AFTER CULTURE WITH CROSSLINKED ANTI-Ig
ANTIBODIES

Percentage of apoptotic nuclei at?*^

Treatment*^
4 hr

Shr

16 hr

24 hr

Medium

18

23

12

12

Avidin

17

26

14

9

Anti-f4

12

23

17

22

Anti-/z/Av

32

49

43

37

Anti-ô

14

23

20

28

Anti-ô/Av

47

52

41

61

Anti-Cl. I

17

24

10

12

Anti-Cl. I/Av

19

30

12

16

a) B cells were cultured for the indicated periods of time at 10^/ml in medium, or with 10 fig/ml of the indicated biotinylated mAh in the
presence or absence of 20 /ig/ml avidin. The cultures were then stained with PI as described in Section 2.4.3.
b) Percentages of cells showing less than 2C DNA, as illustrated in Fig. 4.13.
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Table 4.2
EFFECTS OF CROSSLINKING sIg WITH IMMOBILISED ANTIBODY FOR 24 H
Marker

Control*^

i-dnti-fi

i-anti-ô

% positive

MFI

% positive

MFI

% positive

MFI

sIgM<^>

99

681

99

673

72

579

sIgD

93

905

92

857

77

716

Class I

99

837

99

821

85

848

Class II

99

585

99

664

77

701

CD45

99

909

99

921

86

876

a) B cells (10^/ml) were cultured for 24 h in medium, or with i-anti-Ig (50^g/ml). They were then washed and stained with fluroescein-labelled
mAh to IgM (Ak4), IgD (1.19) CD45 (Ml/9.3). Class II (NIMR-4) or Class I (11.4.1). Cells were analysed in a FACScan Flow cytometer,
gating on viable cells by setting appropriate scatter gates.
b) Data are presented as percentages of stained cells and median fluorescence intensities (MFI).
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Table 4.3
EFFECTS OF HYPERCROSSLINKING sIg RECEPTORS WITH BIO-ANTI-Ig PLUS AVIDIN
Marker

Medium*)

Avidin

Bio-anti-/x/Av

Bio-anti

Bio-anti-ô/Av

Bio-anti-ô

% positive

MFI

% positive

MFI

% positive

MFI

% positive

MFI

% positive

MFI

% positive

MFI

IgM*')

95

789

96

785

95

770

96

777

94

772

94

709

IgD

96

802

95

789

95

699

96

754

95

549

97

755

Class I

96

739

96

720

97

731

97

759

95

718

96

736

Class II

95

706

94

690

95

815

96

815

95

808

95

749

CD45

93

729

95

738

95

715

94

702

94

693

93

641

a) B cells (10^/ml) were cultured for 16 h in medium, or bio-anti-Ig (10 /xg/ml), in the presence or absence of avidin (20 /xg/ml); they were washed and stained
with fluorescein-labelled mAb to IgM (AK4), IgD (1.19), CD45 (Ml/9.3), Class II (NIMR-4) or Class I (11.4.1). Cells were analysed in a FACScan flow
cytometer, gating on viable cells by setting appropriate scatter gates.
b) Data are presented as percentages of stained cells and median fluorescence intensities (MFI).
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4.13.1.

Discussion part I: The role of sIgM and sIgD in mature B cell tolerance.

As discussed in section 1.6, hypermutation of Ig genes in mature peripheral
B cells can potentially result in the generation of high affinity autoreactive cells, thus
necessitating a mechanism for tolerance that can silence B cells at this stage of their
differentiation. It is clear that sIg receptors on mature B cells have the capacity to
generate transmembrane signals that either promote or inhibit cellular growth and
differentiation. For example, crosslinking of sIgM or sIgD on mature B cells
normally induces DNA synthesis and B cell activation (reviewed in Cambier and
Ransom, 1987, Klaus et a l , 1987). However, sIg crosslinking can also result in the
inhibition of polyclonal antibody production in co-culture experiments with antigen
or mitogen (Flahart and Lawton, 1987, Warner and Scott, 1991), and recently
transgenic mouse models have demonstrated Ig-mediated negative signalling in the
induction of mature B cell tolerance (Russell et al. , 1989, Goodnow et al. , 1989). We
have developed two models to investigate mature B cell unresponsiveness, and the
results presented here show that resting splenic B cells can be rendered unresponsive
to subsequent mitogenic stimuli by hypercrosslinking of either class of sIg receptor.
Prolonged exposure to immobilised anti-Ig Ab inhibited the responses to
heterologous anti-Ig mAb or LPS (Figs. 4.1 and 4.3), inducing polyclonal
unresponsiveness and eventually resulting in apoptotic cell death. Although the
immobilised Ab system may provide a model for the response to membrane bound
antigen, it probably does not reflect the effects of multivalent soluble antigens. To
this end, a second system of extensively crosslinking cell surface molecules was
tested, using soluble, biotinylated anti-Ig Abs crosslinked on the cell surface with
avidin (or in some experiments streptavidin). The results with this model indicate that
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normally mitogenic anti-Ig mAb when hypercrosslinked using the biotin/avidin system
similarly induce dose dependent polyclonal unresponsiveness and cell death in mature
B cells (Figs. 4.4 and 4.5).
The kinetics of induction of unresponsiveness to heterologous anti-Ig mAb
were considerably slower in the immobilised Ab system (Figs. 4.3 and 4.5), which
suggests the bio-Ab plus avidin system induces a more potent inhibitory signal.
Anderssen et al. (1977) have shown that only approximately 30% of splenic B cells
are responsive to LPS. Results obtained here indicate that 48 h preculture with
hypercrosslinked Abs (in both systems) was necessary to induce unresponsiveness to
LPS in this subpopulation. The biochemical signalling pathway triggered by LPS is
not yet known, but these data indicate that it is less sensitive to the hypercrosslinked
Ab-mediated inhibitory signal than the Ig receptor-mediated activation signal.
Ligation of sIgM or sIgD receptors induced seemingly identical effects over
a 72 h culture period in both models (Figs. 4.1 and 4.5), in agreement with a recent
paper by Brink et at., (1992). However, kinetic studies indicated that crosslinking
sIgD produced inhibitory effects more rapidly. A 4 h pulse with crosslinked bio-1.19
reproducibly caused 50 - 90% inhibition, whereas a corresponding treatment with
anti-^ was ineffective (Fig. 4.7). It is not clear whether this effect was due to IgD
mediating a stronger signal, or simply a reflection of the fact that most mature B cells
express more sIgD than sIgM (Vitetta and Uhr, 1975). A similar observation of the
apparently stronger IgD-mediated signal occurred when anti-^ or anti-ô Abs were
crosslinked with streptavidin. All but the highest ratio of anti-/i : streptavidin caused
activation, whereas streptavidin-crosslinked anti-ô consistently induced inhibition of
DNA synthesis (Fig. 4.9). This contrasts to a study by Gaur et al. (1993),
demonstrating that anti-/x, but not anti-ô, inhibited the LPS driven differentiation of
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mature B cells, although anti-ô synergised with anti-f* to induce unresponsiveness.
However, Gaur et al. used soluble anti-Ig Abs, and it is possible that inadequate
crosslinking of Ig receptors accounts for the discrepancy in results. Additionally, as
there are marked differences between the two experimental systems, different
inhibitory mechanisms may be involved.
The observed abrogation of DNA synthesis caused by hypercrosslinked anti-Ig
Ab might be explained in two ways. One possibility was that hypercrosslinking of sIg
receptors resulted in apoptosis leading to clonal deletion (see section 1.6).
Alternatively, as it is known that conventional crosslinking of one isotype of sIg
causes temporary desensitization of the signalling pathway associated with the
heterologous Ig receptor (Cambier et a l, 1988, Klaus et al.y 1989), it was possible
that extensive crosslinking of sIg caused a more long term heterologous
desensitization. This might be related to the long-lasting anergy observed in
transgenic mouse models induced by oligovalent antigen (Goodnow et al. , 1988 and
1989). However, two different detection methods showed that hypercrosslinking sIg
on mature B cells induced apoptotic death, which was detectable within 4 h (Table
4.1 and Fig. 4.15), and eventually virtually all the cells undergo apoptosis (Figs. 4.13
and 4.14). Experiments investigating reversibility of the negative effect indicated that
B cells did not recover their normal proliferative rate if the hypercrosslinked anti-Ig
was removed (Fig. 4.17), and suggest that cells become committed to the tolerance
pathway. However, subsequent to completion of this report, further experiments in
the laboratory using the same protocol show that i-anti fj, treated cells can proliferate
in response to s-anti-0 following removal of the inhibitory reagent. The proliferative
response peaked much earlier than in control cells, and decreased dramatically by 48
h after washing out the crosslinked antibody (M Holman, unpublished data). This
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would account for the inability to detect a response at 72 h, as described in this
chapter. Together these results suggest that the i-anti-Ig primes mature B cells to
respond more rapidly, in addition to triggering the apoptotic pathway.
Goodnow et al. (1988 and 1989) have shown that anergic B lymphocytes
express high levels of sIgD but a 10 - 20 fold reduction of sIgM. Mature B cells
cultured for 16 - 24 h with hypercrosslinked anti-Ig Ab in either system did not show
any marked reduction in sIgM (or sIgD) expression, although as it appears that the
cells are undergoing apoptosis rather than anergy this was not unexpected.
Interestingly, the cells which survive for 12 - 24 h appear to have been abortively
activated, as evidenced by their increased levels of class II antigen (Tables 4.2 and
4.3). However, pHJUrd and pH]TdR uptake assays showed that both RNA and DNA
synthesis were progressively reduced during the unresponsive state (Figs. 4.2 and
4.4), suggesting that the cells do not enter the Gi phase of the cell cycle.
An important conclusion from this study is that the degree of crosslinking of
sIg receptors in mature B cells determines whether the cells are activated or deleted.
These results are in line with the signalling threshold model of B cell activation and
tolerance briefly discussed in section 1.6. This model was largely based on data using
TI antigens, which greatly simplified the experimental situation by inducing B cell
stimulation directly, without the need for Th cells. Later work, particularly the
development of transgenic mouse models, has also shown its application to TD
antigens. The model proposes that the B cell response is determined mainly by the
epitope density (or sIg crosslinking capacity) of a given antigen (reviewed in Klaus
et al., 1976, Weigel and Perelson, 1981, Goodnow, 1992). An antigen with epitope
density below a critical level will result in insufficient sIg crosslinking to induce a
response, and Goodnow et at. (1989), using the HEL transgenic model, suggest that
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when <5% of antigen receptors are ligated by HEL such clonal ignorance results.
Above this critical threshold of epitope density, antigens become immunogens,
inducing sufficient crosslinking to induce B cell activation (for example Dintzis et al. ,
1976). This level of crosslinking is described as "restrictive" in the Weigel and
Perelson model (1981). At very high epitope density antigens are thought to become
obligate tolerogens, crosslinking a high percentage of antigen receptors, locking the
receptor into position and preventing any lateral movement in the membrane (Peacock
and Barisas, 1981). This extensive crosslinking of sIg is sometimes described as
overly restrictive (Weigel and Perelson, 1981). Distinct signalling thresholds for the
induction of clonal anergy and clonal deletion are believed to occur within the overly
restrictive type of sig-hypercrosslinking. Multivalent antigens with high epitope
density, and recognised with high affinity induce clonal deletion, whilst more poorly
crosslinking antigens, recognised with relatively low affinity induce anergy (Goodnow
et a l , 1989, Nemazee et al., 1989a and b. Hartley et a l , 1991, reviewed in
Goodnow, 1992).
In agreement with the receptor signalling threshold model, the results suggest
a distinct threshold of sIg crosslinking, above which tolerance is induced. Below this
threshold DNA synthesis and cell proliferation appear to result, as it was noted in
titration experiments that the mitogenic responses to suboptimal concentrations ofbioantx-fi were enhanced by crosslinking with a critical concentration of avidin (data not
shown) or streptavidin (Fig. 4.9). A greater degree of crosslinking, caused by
increasing the concentration of anti-Ig and/or avidin or streptavidin, resulted in
inhibition. The immobilised anti-Ig system described here can easily be envisaged as
inducing overly restrictive crosslinking, with subsequent immobilisation of antigen
receptors under conditions where the B cell is unable to clear such an antigen lattice
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from the membrane (by shedding or endocytosis), as it would normally do during the
events leading up to triggering. The bio-anti-Ig plus avidin system also appears to
induce the overly restrictive crosslinldng necessary for negative signalling, but it is
not yet clear whether the sig-bio-anti-lg plus avidin complexes are subsequently shed
or endocytosed. It would be interesting to investigate this point in future experiments.
The degree of multimerization of sIg receptors is influenced by a number of
factors in addition to epitope density/capacity to crosslink sIg, in particular antibody
affinity and antigen concentration (Mongini et al, y 1991 and 1992, reviewed in
Goodnow, 1992). Results presented here show that higher concentrations of
uncrosslinked bio-anti-/x or anti-ô Abs caused some increases in the background level
of apoptosis, suggesting that soluble Abs may also cause the critical level of sIg
crosslinldng on some B cells to induce apoptosis if present in sufficient quantity. This
further indicates the importance of antigen concentration in B cell tolerance induction.
The signalling threshold model as described above, does not explain the influence of
factors such as antigen concentration and antibody affinity in determining the outcome
of antigen binding to sIg. Much more work is necessary to investigate precisely how
these physiochemical properties of antigen and sIg receptors combine to induce
activation, anergy or tolerance in B cells.
B cell activation from a resting Gq state is characterised by several sequential
stages, the first stage a transitional excitation state between Go and G^ termed G ^
(Klaus et al. y 1985), and characterised by increased class II antigen expression and
cell enlargement. With continued crosslinldng of sIg, some transitionally activated B
cells are induced to enter Gi, where the overall rate of mRNA synthesis is increased,
and cytokines and cytokine receptors are expressed. Even in the absence of T cell
derived factors, a proportion of B cells activated by Ig mediated signalling can
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progress into S phase (Goroff et a l , 1986, Mongini et a l , 1991 and 1992). Data
presented here demonstrate that hypercrosslinking of sIg receptors induces cells to
pass into the Git state, as shown by their increased MHC Class II expression, but
does not result in RNA or DNA synthesis, suggesting they subsequently follow an
apoptotic pathway. Interestingly, the non-mitogenic Abs AK4, AK7 and JA12.5
caused identical inhibitory effects to the mitogenic Abs (Fig. 4.1). Leptin (1985) has
shown that AK4 and AK7 induce B cell activation when coupled to Sepharose, and
the present results show that

hypercrosslinking these so called non-mitogenic

antibodies induced massive growth inhibition and apoptosis. Such results also
reinforce the signalling threshold model, with moderate crosslinldng of antigens,
influenced by antibody affinity and antigen loading, causing oligomerization of sIg
receptors, and resulting in cell proliferation. Hypercrosslinking of antigen receptors
by multivalent antigen at high concentration and/or recognised with high affinity,
induces receptor multimerization, and results in apoptotic deletion. Perhaps the
critical threshold for inducing anergy, as described by Goodnow et a l , 1988 and
1989, falls between these two levels of receptor clustering.
The observations reported here were unexpected as previous reports had
indicated that extensive crosslinldng of sIg receptors favours B cell activation (Parker,
1975, Pure and Vitetta, 1980, Leptin, 1985, Brunswick et a/., 1988). However,
although some previous models may appear superficially similar to the biotin/avidin
or immobilised Ab systems, there are differences which could explain the differences
observed experimentally. One model which has frequently been used to activate B
cells is anti-Ig Ab bound to Sepharose or polyacrylamide beads (Parker, 1975, Pure
and Vitetta, 1980, Leptin, 1985). In this system, the size of the beads would preclude
the engagement of more than a fraction of total sIg receptors on each cell, hence
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presumably favouring the formation of small clusters of receptors optimal for
generating activation signals (Dintzis et al., 1976). A second system has used anti-Ig
coupled to high molecular weight dextran as an effective means of activating B cells,
and has been suggested to represent a polyclonal model for T-independent type 2
antigens (Brunswick et al., 1988, Pecanha et al., 1991). However, it is clear from
such studies that higher concentrations of both anti-/x and anti-0 conjugated to dextran
were not mitogenic and failed to induce antibody secretion in the presence of
lymphokines. It seems possible that sufficiently high concentration of dextranconjugated anti-Ig would induce the same effects seen with immobilised or
hypercrosslinked anti-Ig.
A number of groups have demonstrated the clonal deletion of mature
peripheral B cells in transgenic mouse models by antigens which extensively crosslink
sig receptors (Russell et al., 1991, Murakami et al., 1992). There is evidence to
suggest that clonal deletion of mature, or immature, B cells occurs by apoptosis
(Murakami et al., 1992, Carsetti et al., 1993), although in the case of immature B
cells, the cells may die by default as a result of arrested development (Hartley et al.,
1993). The models described in this report may provide in vitro polyclonal models
for the deletion of mature B cells by high doses of multivalent antigen. Such antigens
might include high molecular weight polymers such as the TI-2 antigens, which have
previously been shown to be tolerogenic at supraimmunogenic doses (Klaus et al.,
1976). Alternatively, cell surface antigens would also be capable of inducing
multimerization of sIg receptors, in agreement with the findings of Murakami et al.,
(1992), who have shown that autoreactive B cells specific for red blood cell surface
antigens undergo apoptosis.
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4.13.2.

Discussion part II: The role of T cell-derived help.

A major factor which clearly plays a critical role in determining whether the
B cells are rendered tolerant when they encounter antigen is the presence or absence
of T cell helper signals (Bretscher and Cohn, 1970). The results obtained here agree
broadly with the Bretscher and Cohn model of B cell activation, as the latter suggests
that ligation of sig receptors in the absence of T cell-derived helper signals will
tolerize B cells. The data indicate that induction of unresponsiveness by anti-Ig can
be partially reversed by IL-4 or by ligation of CD40, and the two T cell factors
synergise to give maximal protection. As previously discussed (see section 1.5 and
1.6.4), the nature of T cell helper signals involved in signal 2 of the Bretscher and
Cohn model are not fully understood, but the results of this and other studies (see
section 3.13.2) suggest that IL-4 and CD40L are major influences in modulating the
induction of B cell tolerance. As discussed in section 3.13.2, IL-4 is able to override
the growth inhibitory effects of anti-Ig in a number of systems and is a potent B cell
activator, upregulating MHC class II and synergising with anti-Ig Ab to drive B cells
into cycle (reviewed in Swain et al., 1988). The present results show that this
lymphokine reversed inhibition and unresponsiveness in proliferation assays, and
delayed both anti-Ig induced apoptosis and spontaneous cell death (Figs. 4.10, 4.11
and 4.18). These latter results are in agreement with previous work demonstrating
that IL-4 is an important survival factor for B cells in vitro (Go et al., 1990). It is
noteworthy however, that in the immobilised Ab model, where the induction phase
is separated from the challenge phase, IL-4 was unable to reverse the unresponsive
state once induced, presumably because the majority of cells have already undergone
apoptosis.
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CD40L, in both membrane-bound form (CD40L^MEL cells) and soluble form
(CD40L-CD8a chimeric protein), partially reversed unresponsiveness induced by
hypercrosslinked anti-Ig in proliferation assays (Fig. 4.12). Although, as with IL-4,
the degree of reversal was dependent upon the concentration of anti-Ig and was
overcome by high concentrations of hypercrosslinked anti-Ig. In addition, ligation of
CD40 in the presence of IL-4 gave maximal protection, and restored the proliferative
responses of B cells to mitogenic stimuli (Fig. 4.12). However, in apoptosis assays
CD40L, in either form, had a much lesser effect, causing only minimal reduction in
apoptotic cell numbers and being less effective than IL-4.
Further experiments in the laboratory showed that a monoclonal antibody to
CD40 (Parry et al. , paper submitted), did partially reverse the induction of apoptosis
by hypercrosslinked anti-Ig (Fig. 4.19). Furthermore, anti-CD40 mAh together with
IL-4 caused almost complete reversal. The reasons for this apparent discrepancy in
the effects of different reagents are not clear, perhaps the optimal culture conditions
were not achieved in apoptosis assays using the CD40L reagents. Conceivably the
anti-CD40 mAh causes more efficient crosslinking of CD40 than either of the other
two CD40L reagents.

4.13.3.

Discussion part III: Biochemical signalling pathways involved in mature B
cell tolerance.

It appears likely that the systems described here represent models of activation
induced cell death in mature B cells, similar to that described in T cells (Ucker et al. ,
1989). Little is known of the biochemical signals which lead to tolerance in B
lymphocytes, and the present models may prove useful for investigation of the
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signalling pathways. Release of Ca^^ from intracellular stores, PIP2 hydrolysis and
protein tyrosine phosphorylation are all events which occur in the Gu excitation state,
and as hypercrosslinked anti-Ig induce entry into G|t, it is likely these events occur
during the early stages of tolerance induction. Studies on tolerance induction in
thymocytes and mature T cells have indicated that apoptotic death is associated with
sustained increases in [Ca^^]j (reviewed in McConkey et ah, 1990). It is possible that
large and/or prolonged increases in [Ca^^];, elicited as a result of hypercrosslinking
sig, also mediate tolerogenic signals in B cells. Indirect evidence for this was
produced by McConnell et al. (1992), who have shown that both inositol phosphate
production and Ca^"^ release are related to the degree of Ig receptor crosslinldng in
human B cells. In addition, Rehe et ah (1990) have shown that high concentrations
of dextran-conjugated anti-^x, which are not mitogenic, induce large increases in
[Ca^^];. However, it is not yet possible to draw any conclusions on the role of Ca^^
in B cell tolerance from the currently available data.
The results presented here suggest that cells cultured with hypercrosslinked
anti-Ig become abortively activated, entering Git (Tables 4.2 and 4.3), where they
will subsequently undergo apoptosis unless rescued by T cell derived signals. This
may be relevant to the findings of Liu et ah (1989), investigating B cell memory,
who showed that germinal centre centrocytes spontaneously undergo apoptosis in
vitro. However, ligation of sig receptors, together with ligation of CD40, delayed the
onset of apoptosis in these cells. There is no obvious explanation for the differing
effects of anti-Ig in inducing apoptosis in the two models, although there are clearly
marked differences between the experimental systems. Most studies suggest that
clonal deletion of mature B cells requires extensive Ig crosslinldng. This contrasts
with the situation in immature B cells, in which soluble anti-Ig antibodies effectively
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induce unresponsiveness (Sidman and Unanue, 1975). The overall conclusion from
these observations is that the tolerance thresholds of immature and mature B cells
differ substantially, as has been recognised for some time (reviewed in Nossal, 1983).
In summary, the main conclusion from these results is that the degree of
crosslinldng of sIgM or sIgD receptors on mature B cells determines whether cells
become activated or deleted. Hypercrosslinking either class of sig receptors by two
different methods rapidly induced unresponsiveness to mitogenic stimuli accompanied
by DNA fragmentation characteristic of apoptosis. Induction of apoptosis was
dependent on the absence of T helper cell signals and was partially reversed by IL-4,
and to a lesser extent by ligation of CD40. It is hoped that these systems will be
useful as polyclonal models for the deletion of mature, antigen specific B cells by
high molecular weight polymers or cell surface antigens.
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CHAPTER 5

CD45 MONOCLONAL ANTIBODIES INDUCE GROWTH INHIBITION IN
IMMATURE B CELL LYMPHOMAS.

5.1.

Introduction.

CD45 appears to be a necessary participant in the regulation of signal
transduction by a number of lymphocyte surface molecules including both B and T
cell antigen receptors (Ledbetter et a l, 1988, Pingel and Thomas, 1989, Justement
et al., 1991). As discussed in section 1.4, a number of studies indicate that, in T
cells, the PTPase is required to couple the TCR to the intracellular signalling
machinery at the earliest step, induction of PTK activity (Koretzky et al. , 1991, Desai
et al,. 1993), and it has been suggested that CD45 may regulate the src-kinases p56‘^'^
and p59'^ (Ostergaard et al. , 1989, Shiroo et al. , 1992). Distinct isoforms of CD45,
that arise from alternative mRNA splicing, are differentially expressed on
subpopulations of lymphocytes. The predominant isoform found on mature B cells is
the 220kDa form (B220), which has the A, B and C exons (reviewed in Trowbridge,
1991). We were interested in investigating whether CD45 played a role in modulating
the sig-mediated tolerizing signals in the B cell lymphoma lines previously used as
a model for immature B cells (see chapter 3). In the absence of a known ligand, a
panel of monoclonal antibodies were used to ligate CD45, which included mAbs
specific for variable regions A and B (CD45RA and CD45RB mAb respectively), or
pan CD45 Abs which recognise epiptopes common to all CD45 isoforms.
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5.2.

FACS analyses of CD45 expression on B cell lymphomas.

FACS analyses of the immature B cell lymphomas WEHI-231, WEHI-ôM,
CH33 and ECH408-1 showed that all expressed high levels of CD45 and, as
illustrated in Fig. 5.1, were >95% positive with three different pan CD45 mAh.
Analyses with a panel of CD45 mAb revealed that the lymphomas express the
CD45RB isoform, but not CD45RA. Positive staining was consistent with three
CD45RB Abs, 23G2, MB4B4 and C363.1A, but was not observed with three
CD45RA specific mAbs, 14.8, RA3-3A1 or RA3-2C2 (Fig. 5.1).

5.3.

Hypercrosslinking of CD45 induces growth inhibition of the immature B cell
lymphomas.

Culturing the immature B lymphomas with soluble CD45 Ab, either pan CD45
or CD45RB Ab, had no effect on cell proliferation (Fig. 5.2). However, CD45RB Ab
immobilised onto tissue culture plastic induced marked dose-dependent inhibition of
growth (Fig. 5.3). Inhibition was detectable in all four cell lines at >1 ^g/ml iCD45RB Ab, reaching a maximum at ca. 50 /ig/ml, which was therefore generally
the concentration used in subsequent experiments. C363.1A consistently caused a
smaller reduction in pH]TdR uptake than 23G2 or MB4B4. Surprisingly, immobilised
pan CD45 Ab Ml-93 had no effect on pH]TdR uptake in CH33 cells (Fig. 5.2), a
result that was confirmed with two other pan CD45 Abs, YW63.3 and YTS 165.1.
These did not induce growth inhibition when added to WEHI-231 or CH33 cells
singly or in combination, in either soluble or immobilised form. Control antibodies
such as isotyped-matched anti-CAMPATH-1 Ab, or anti-Class I or II Abs also had
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no effect on cell proliferation (data not shown).
As previously observed with anti-Ig mediated inhibition of growth (see section
3.5), it appeared that the increased crosslinldng resulting from immobilising the
CD45RB Ab might be of importance in inducing the observed effects. To further
investigate this an alternative method of crosslinldng CD45 was used, where
biotinylated CD45Abs were crosslinked on the cell surface with avidin (see section
2.4.1). As shown in Fig. 5.4, bio-23G2 had no effect on the WEHI-231 cells, but
induced a marked reduction in pH]TdR uptake when crosslinked with avidin. Again
Bio-Ml-93 failed to induce growth arrest in either crosslinked or uncrosslinked form.
Similar results were obtained with the other bio-CD45RB Abs following crosslinking
with avidin, but not with the pan CD45 Abs. As an alternative to avidin the anti-rat
kappa chain Ab 0X12 was used to crosslink soluble CD45RB mAb. However, 0X12
induced far less growth arrest than avidin, resulting in ca. 20-25 % inhibition when
added to bio-23G2 at 5 fold excess (10 /xg/ml bio-23G2 : 50 /xg/ml 0X12, data not
shown), hence in subsequent experiments avidin was generally used.

5.4. Hypercrosslinked CD45 and anti-Ig antibodies act additively to induce growth
inhibition.

The growth of WEHI-231 and CH33 is markedly inhibited by s-anti-/*, and the
0-transfectants show some variable growth arrest in response to s-anti 6 (see chapter
3). To determine whether ligation of CD45 had any effect on the anti-Ig mediated
suppression of DNA synthesis, i-CD45RB Abs were included in assays with s-anti-Ig.
As shown in Fig. 5.5, i-23G2 enhanced the inhibition caused by s-anti-/x Ab in CH33
cells. Low concentrations of i-23G2 (< 5 ftg/ml) consistently induced >80% growth
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arrest when added in combination with low concentrations of s-b.7.6 (< 0.1 f*g/ml).
Preincubation of cells (for up to 6 h) with i-CD45RB Ab did not increase the negative
effect. Soluble 23G2 did not potentiate the anti-f* induced effect, nor did any of the
pan CD45 Abs, in either soluble or immobilised form.
Similarly, bio-CD45RB crosslinked with avidin enhanced the Ig-mediated
growth arrest. Fig. 5.6 shows a representative experiment where hypercrosslinked
bio-23G2 potentiated growth arrest induced by both s-anti-/* and s-anti-ô Abs in
WEHI-ÔM cells. Typically 1 /*g/ml bio-23G2 plus avidin (2 /ig/ml) increased
inhibition mediated by s-b.7.6 (< 0.1 /*g/ml) by ca. 20%. Soluble 1.19 (0.1 /*g/ml)
induced variable levels of growth arrest of 14-40% over a series of experiments, but
in combination with hypercrosslinked bio-23G2 (1 /*g/ml) consistently induced >50%
inhibition.

5.5.

LPS has no effect on growth inhibition induced by hvpercrosslinked CD45RB
antibodies.

LPS is known to override anti-Ig induced negative signals in these B cell
lymphomas (Jakway et al., 1986). To determine whether LPS also reversed CD45mediated growth arrest, the mitogen was included (50 /*g/ml) in growth inhibition
assays with hypercrosslinked CD45RB Ab. LPS had no effect on the reduction in
pH]TdR uptake induced by either immobilised CD45RB (Fig. 5.7), or bio-CD45RB
crosslinked with avidin (data not shown).
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5.6.

Effects of T cell derived influences on CD45-mediated growth inhibition.

Previous experiments had shown that T cell derived factors such as IL-4 or
CD40L had no effect on anti-Ig induced growth inhibition in our sublines of the B
lymphomas (see sections 3.9 and 3.11). To further compare CD45-mediated inhibition
with that induced by anti-Ig, these experiments were repeated using immobilised, or
biotinylated CD45RB Ab plus avidin instead of anti-;* or anti-ô. Results showed that
the Th2 derived interleukins IL -la, IL-4, IL-5 and IL-10, over a concentration range
from 1 - 5 0 units/ml, did not protect lymphomas against CD45-induced growth arrest
(data not shown). IL-ljS and IL-2, which were included as negative controls, also had
no effect in this system.
In order to test whether ligation of CD40 exerts a protective effect against
CD45-mediated inhibition, CD40L^MEL cells (see section 2.2.7) or supernatant
containing CD40L-CD8a fusion protein (see section 2.2.6), plus appropriate controls
of WT MEL cells, or supernatant from untransfected J558L cells, were included in
proliferation assays. CD40 ligation by either form of CD40L did not reverse the
effects of hypercrosslinked CD45RB (Fig. 5.8). In addition, IL-4 (10 units/ml) was
included in cultures with CD40L-CD8a protein, but again, as with anti-Ig induced
inhibition, the two reagents did not have any protective effect in combination (Fig.
5.8).

5.7. Induction of apoptosis in B lymphomas by hypercrosslinked CD45RB antibody.

A certain proportion of both WEHI-231 and CH33 cells are known to undergo
apoptosis when cultured with anti-/* Ab (Hasbold and Klaus, 1990, Benhamou et al. ,
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1990). We therefore wished to determine whether crosslinking of CD45 also induced
apoptosis. Fig. 5.9 shows CH33 cells cultured for 24 h with s-b.7.6 (10 fig/ml), ib.7.6 (50 /xg/ml), or i-MB4B4 (50 /ng/ml). Soluble and immobilised anti-/* Ab
induced cellular fragmentation and apoptotic bodies characteristic of apoptotic cell
death and in addition, i-b.7.6 induced cell spreading and formation of long processes.
Immobilised MB4B4 also induced cell spreading and some cell fragmentation,
although to a lesser extent than the anti-/* Ab. Similar results were obtained with i23G2 and i-C363. lA (data not shown). Experiments where PI stained WEHI-231 and
CH33 cells were examined by UV microscopy (see section 3.6) also indicated that iCD45RB induced a low level of apoptosis (1 -10%) visible by 24 h, but not observed
at 5 or 8 h. However, background levels of apoptosis varied considerably between
experiments and it was not possible to obtain reproducible data in these experiments
(data not shown).
To further investigate CD45-mediated apoptosis, CH33 cells were cultured
with bio-23G2 (10 /*g/ml), with or without avidin (20 fig/ml) for 24 h, stained with
PI and analysed on the FACS (see section 2.4.2). As shown in Fig. 5.10, two peaks
of DNA representing cells in Gi (2C) and G2/M (4C) were visible in nuclei from
control cells cultured in medium alone. Culture with uncrosslinked bio-b.7.6 (10
fig/ml) induced a shift into the G, peak (i.e. growth arrest), in agreement with
previously published data (Scott et al. , 1986). Hypercrosslinked bio-b.7.6 additionally
induced the appearance of some 30% of nuclei with sub-diploid DNA, indicating
DNA fragmentation characteristic of apoptotic cells. Crosslinked, but not
uncrosslinked, bio-23G2 also induced a peak of apoptotic nuclei (ca. 20%),
confirming that CD45RB Ab induce apoptosis, albeit to a lesser extent than anti-Ig.
It was noted that 24 h of culture with hypercrosslinked CD45RB Ab did not induce
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a shift into the Gj phase of cell cycle. The summary of the results from this
experiment are presented in Table 5.1.

5.8. Investigation of tyrosine phosphorylation following crosslinldng of IgM and/or
CD45.

Ligation of sig in both B cells and immature B lymphomas initiates a
biochemical cascade in which activation of protein tyrosine kinase(s) is the earliest
known event (Gold et al. , 1990, Campbell and Sefton, 1990, Brunswick et al. , 1991).
It was therefore of interest to determine whether engaging CD45, a protein tyrosine
phosphatase (PTPase), induced any increase or decrease in constitutive tyrosine
phosphorylation in the B cell lymphomas, and to compare the CD45-induced tyrosine
phosphorylation pattern to that induced by anti-Ig. In addition, given that ligation of
CD45 enhances sIg-mediated growth arrest, we wished to investigate tyrosine
phosphorylation following simultaneous ligation of CD45 and Ig.
Anti-phosphotyrosine (anti-ptyr) immunoprécipitation and Western blot
analyses of anti-/x stimulated lymphomas agreed well with previous studies (Gold et
al,. 1990, Campbell and Sefton, 1990). Fig. 5.11 shows a representative time course
experiment, where WEHI-231 cells were incubated with 10 /zg/ml b.7.6 or 10 /ig/ml
rabbit F(ab *)2 anti-/x fragments. Both anti-/i Abs induced identical multiple tyrosine
phosphorylated bands, detectable within 1 minute. Bands of approximate molecular
weight 56 - 57, 60, 67 - 68 , 87 - 88 , 90, 98 and 132 - 137 kDa were visible in
immunoprecipitates from unstimulated cell extracts, but were increased in intensity
following ligation of sIgM. Bands of ca. 50, 53 - 54, 65, 80, 110 - 112 and 120 kDa
were observed only in anti-/i stimulated cell extracts. A phosphoprotein of 58 kDa

173

was visible at 2, 5 and 10, but not 30 minutes after IgM ligation, whilst bands of 43
and 46 kDa were also observed at 10 but not 30 minutes. The tyrosine
phosphorylation was specifically induced by ligation of sIgM as antibodies against
Class II had no effect (Fig. 5.12).
As a control for specificity, 50 mM phenylphosphate, an analogue of
phosphotyrosine was added to cell extracts prior to immunoprécipitation with anti-ptyr
Ab PY-72. Preincubation with phenylphosphate abolished the above mentioned
phosphoprotein bands, but demonstrated a number of non-specific bands (Fig. 5.11),
which were also visible in cell-free extracts. The non-specific bands were probably
due to the HRP-conjugated anti-mouse Ab binding to fragments of PY-72 or b.7.6.
Fig. 5.12 shows results from anti-ptyr immunoprécipitation following
incubation with CD45RB Ab, with or without anti-/x. No differences were observed
between tyrosine phosphorylation patterns induced by ligation of CD45 with soluble
23G2 or bio-23G2 crosslinked with avidin. Stimulation via CD45 for 1 - 10 minutes
(with both soluble or crosslinked 23G2) had no reproducible effect on either the
number or the intensity of phosphoproteins observed in unstimulated control cell
extracts. In addition, preculture of WEHI-231 with hypercrosslinked 23G2 (for 1 10 minutes) had no effect on the tyrosine phosphorylation induced by 5 minute
stimulation with 10 ^g/ml b.7.6 (Fig. 5.12).
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Figure 5.1. FACS analyses of CD45 expression on WEHI-231. 10®cells were stained
with one of a panel of rat CD45 mAbs and a rabbit anti-rat IgG-FITC conjugated
second layer. Panels A, B and C show staining profiles with pan CD45 antibodies
Ml-93, YTS 165.1 and YW63.3, respectively. Panel D shows the profile obtained
with the CD45RB antibody 23G2. Panels B, F and G show CD45RA antibodies 14.8,
RA3-3A1 and RA3-2C2, respectively. The marker shows the level of staining given
by the secondary antibody alone.
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Figure 5.2. Immobilised CD45 mAb-induced growth inhibition in CH33 cells. Cells
( 10^/well) were cultured with the indicated amounts of soluble ( • plus dotted lines)
or immobilised 23G2 ( • plus solid lines), or soluble (a plus
immobilised Ml-93

(a

dotted lines) or

plus solid lines) for 48 h. Cells were harvested after a 4 h

incubation with pH]TdR. Results are means ± SEM (n=3).
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Figure 5.3. Growth inhibition of WEHI-231 by immobilised CD45RB antibodies.
Cells were cultured for 48 h in microwells (10^/well) coated with the indicated
concentration of the following CD45RB mAb : i-23G2 ( • ) ; i-C363.1A ( a ) ; iMB4B4 (■). Cells were harvested after a final 4 h incubation with pH]TdR. Results
are expressed as means ± SEM (n=3).
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Figure 5.4. Soluble, crosslinked CD45RB antibodies induce growth inhibition in
WEHI-231. B lymphoma cells (Kf/well) were cultured with 10 |xg/ml bio-23G2 or
bio-Ml-93 in the presence or absence of avidin (20 /xg/ml). Cells were harvested after
48 h, following a final 4 h incubation with pH]TdR. Results are expressed as means
± SEM (n=3).
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F igure 5.5. Soluble anti-/* and immobilised CD45RB antibodies act synergistically to
induce growth inhibition. CH33 cells (10^/well) were cultured for 48 h with
immobilised 23G2 only at the indicated concentrations ( a ); immobilised 23G2 plus
soluble b.7.6 at 0.1 ^g/ml (•); or immobilised 23G2 plus soluble b.7.6 at 1 ^g/ml
(o). Cells were harvested after a 4 h incubation with pHJTdR. Results are means ±
SEM (n=3).
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Figure 5.6. Soluble anti-Ig and crosslinked bio-CD45RB antibodies act synergistically
to induce growth inhibition. WEHI-ôM cells (10^/well) were cultured with bio-23G2
(1 /ig/ml) in the presence or absence of avidin (2 /ig/ml) for 48 h. Some of the
groups additionally received s-b.7.6 (A) or s-1.19 (B) at the indicated concentrations.
Cells were harvested at 48 h after a final 4 h incubation with pHJTdR. Results are
expressed as percentage inhibition of pHJTdR uptake of control cells cultured in
medium alone (250,550 cpm).
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Figure 5.7. CD45-induced inhibition is not reversed by bacterial lipopolysaccharide
(LPS). WEHI-231 cells (lOVwell) were cultured for 48 h with LPS only over a
concentration range of 5 - 50 /xg/ml (•); LPS plus 10 /xg/ml s-b.7.6 ( a ); LPS plus
50 /ig/ml i-23G2 (o) or LPS plus 50 /tg/ml 1-MB4B4 ( a ) . Results are means ± SEM
(n=3).
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Figure 5.8. Ligation of CD40 and/or IL-4 do not reverse growth inhibition induced
by crosslinked CD45RB. WEHI-231 cells (10^/well) were cultured with bio-23G2 (10
/tg/ml) plus avidin (10 /xg/ml) in the presence or absence of IL-4 (10 U/ml) or
CD40L-CD8a (1 : 10 dilution stock supernatant). Cells were harvested at 48 h.
Results are expressed as means ± SEM (n=3).
Non-transfected J558L cell supernatant (1 : 10 dilution) used as a control for CD40L
supernatant had no effect on growth inhibition in these cells (data not shown).
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Figure 5.9. Effects of immobilised or soluble anti-;*, and immobilised CD45RB
antibodies on CH33 cells. The photographs on the opposite and following pages show
CH33 cells (10^/ml) cultured for 24 h in medium alone, or in the presence of anti-/^
or CD45RB mAb. Panels 1, 2 and 4 show cells viewed in bright field, panels 3 and
5 show cells viewed under phase contrast. (Magnification x 252.) Panel 1) cells
cultured in medium; Panel 2) cells cultured with s-b.7.6 (10 /xg.ml); Panel 3) cells
cultured with i-b.7.6 (50 ^g/ml); Panels 4 and 5) cells cultured with i-MB4B4 (50
ptg/ml). The arrows in panels 2 , 3 , 4 and 5 indicate cells showing fragmentation and
apoptotic bodies characteristic of apoptotic cell death.
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Figure 5.10. Hypercrosslinked CD45RB antibody induces apoptosis in CH33 cells.
CH33 cells (5 x 10^/ml) were cultured for 24 h in medium alone (panel 1) or with
biotinylated Ab (10 /^g/ml) in the presence or absence of avidin (20 ^g/ml). Panel 2)
bio-anti-/i Ab b.7.6; Panel 3) bio-b.7.6 plus avidin; Panel 4) bio-CD45RB Ab 23G2;
Panel 5) bio-23G2 plus avidin. Cells were harvested, and the nuclei stained with PI
as previously described (see section 2.4.2), and analysed on the FACScan. Two peaks
of DNA labelled x and y in panel 1 represent cells in Gj and G2/M phases of cell
cycle respectively. The solid lines in each panel represent the gates used to determine
the percentages of apoptotic nuclei, i.e. with subdiploid levels of DNA, (A), nuclei
in Gi (B) or nuclei in G2/M (C). These figures are given in Table 5.1.
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Figure 5.11. Tyrosine phosphoproteins in anti-phosphotyrosine immunoprécipitations
from anti-/x Ab treated WEHI-231 cells. Panel A) WEHI-231 cells incubated with 10
fig/ml b.7.6 for 0 , 1 , 2 , 5, 10 or 30 minutes (lanes 1 to 6 respectively). Panel B)
WEHI-231 cells incubated with 10 A*g/ml rabbit F(ab ’)2 anti-/x fragments for 0, 1,2,
5, 10 or 30 minutes (lanes 7 to 12 respectively). Tyrosine phosphoproteins were
immunoprecipitated with anti-ptyr Ab PY72, and analysed with anti-ptyr Ab 4G10 as
described in sections 2.5.1 and 2.5.2. The filter was exposed to x-ray film for 25
seconds. Panel C) Additional aliquots of b.7.6 and F(ab ’)2 anti-/t fragment treated,
1 minute samples were incubated with phenylphosphate as a control for specificity of

the HRP-conjugate anti-mouse Ab (lanes 13 and 14 respectively). Cell-free samples
were also used as controls for the specificity of the HRP-conjugate Ab (lanes 15 and
16). Arrows indicate the cluster of bands detected at 53-60 kDa which may
correspond to the src kinases, and the band appearing at ca. 73 kDa which may
correspond to PTK72. Positions of prestained molecular size (kDa) markers (Bethesda
Res. Labs.) are indicated.
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Figure 5.12. Tyrosine phosphoproteins in anti-phosphotyrosine immunoprécipitations
from WEHI-231 cells treated with anti-^ and/or CD45RB antibodies. Panel A)
WEHI-231 cells were incubated at 37®C with medium alone (lane 1), 10 /xg/ml sb.7.6 for 1, 5 or 10 minutes (lanes 2 to 4), 10 /xg/ml S-23G2 for 1, 5 or 10 minutes
(lanes 5 to 7) or 10 ^g/ml of control anti-Class II Ab NIMR-4 for 1, 5 or 10 minutes
(lanes 8 to 10). Panel B) WEHI-231 cells incubated with 10 iiglmX bio-b.7.6 (lane
11), bio-23G2 (lane 12) or bio-NIMR-4 (lane 13), for 1.5 minutes prior to
crosslinking with 10 ixglmX avidin for 10 minutes. Panel C) WEHI-231 cells incubated
with 10 uglvciX S-23G2 for 1, 5 or 10 minutes (lanes 14 to 16 respectively) followed
by addition of s-b.7.6 (10 /^g/ml) for a further 5 minutes. Tyrosine phosphoproteins
were immunoprecipitated with anti-ptyr Ab PY72 and analysed by immunoblotting
with anti-ptyr Ab 4G10 as described in sections 2.5.1 and 2.5.2. The filter was
exposed to x-ray film for 5 minutes. Positions of prestained molecular weight (kDa)
markers (Bethesda Res.Labs) are indicated.
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Table 5.1

SUMMARY OF APOPTOSIS IN CH33 BY ANTI-/* OR CROSSLINKED CD45RB ANTIBODIES

Treatment"^

Percentage of nuclei in**^
apoptosis

Gi

G2/M

Medium

4

48

48

bio-anti-/x

14

58

28

bio-anti-/i + avidin

31

45

24

bio-CD45RB Ab

11

47

42

bio-CD45RB Ab + avidin

23

39

38

a) CH33 cells were cultured for 24 h in medium or with 10 ^g/ml of bio-anti-^ (b.7.6), or Bio-CD45RB (23G2) in the presence or absence
of 20 /ig/ml avidin. The cultures were then stained with PI as described in Section 2 and analysed by flow cytometry.
b) Percentages of cells showing apoptosis (less than 2C DNA), or in cell cycle at
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(2C) or G2/M (4C) stages, as illustrated in Fig. 5.10.

5.9.1.

Discussion part I: The role of CD45 in the immature lymphoma model of B
cell tolerance.

The transmembrane PTPase CD45 is believed to be essential for the signal
transduction function of B and T cell antigen receptors in mature lymphocytes (Pingel
and Thomas, 1989, Justement et al., 1991). In B cell lines membrane Ig was found
to transduce a Ca^^ mobilising signal only if cells expressed CD45 (Justement et al. ,
1991). Similarly, engagement of the TCR on CD45-deficient cell lines fails to induce
PTK activity, PIP2 hydrolysis, or increases in intracellular free calcium (Koretzky et
al., 1992). These studies suggest that CD45 is required to couple the antigen
receptors to the intracellular signalling machinery at the earliest known step, induction
of PTK activity. There is evidence that in T cells CD45 may regulate pSb*^*^ and p59^
src-kinases, and Ostergaard et al. (1989) have suggested that regulation of p56‘‘"'^
occurs by dephosphorylation of tyrosine at a putative negative regulatory site in the
kinase.
However, a consistent result observed in several laboratories is that
crosslinking of CD45 leads to inhibition of anti-Ig or TD-antigen-driven proliferation
and differentiation in B cells (Yakura et al., 1983, Mittler et al., 1987, Gruber et al.,
1989, Hasegawa et al., 1990), and suppression of anti-TCR-mediated activation of
T cells (Ledbetter et al., 1988, Goldman et al., 1992). In a number of studies,
inhibition of T cell proliferation required physical co-crosslinking of CD45 and TCR
(ledbetter et a l, 1988). More recently, it has been suggested that such suppression
of T cell activation, by CD45-TCR crosslinking, is not specific for CD45 or its
PTPase activity but instead is dependent on the expression level of surface protein to
which that TCR is crosslinked (Alexander et al., 1992). Thus, other cell surface
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proteins expressed at levels comparable to CD45 also inhibit T cell activation when
crosslinked to the TCR probably by preventing TCR oligomerization. This caveat on
experiments involving CD45-TCR crosslinking should not detract from reports that
certain CD45 mAbs have negative effects on TCR induced signals in T cells
(Goldman et al. , 1992), and on anti-Ig induced signals in B cells (Mittler et al. , 1987,
Gruber et al. , 1989), even without mAb co-crosslinking. As yet, it has not been
possible to reconcile these studies with the conclusion from work on CD45-deficient
cells, that CD45 expression at the cell surface is essential for antigen receptor
mediated signalling to occur.
The original aim of the present study was to investigate whether ligation of
CD45 could influence immature B cell tolerance, using that B lymphoma model
described in chapter 3. Mature B cells express predominantly the 220kDa isoform
(B220) of CD45 (Johnson et al. y 1989), which includes all three variable exons (A,
B, and C). However, results show that the immature B lymphomas express an
isoform including the B, but not the A exon (Fig. 5.1). Ligation of CD45 by certain
mAb caused dose-dependent growth inhibition of these cell lines (Figs. 5.2 and 5.3),
inducing apoptosis in at least a proportion of cells (Fig. 5.10). In addition,
hypercrosslinked CD45 acted additively with anti-/x and anti-6 to suppress DNA
synthesis (Fig. 5.5 and 5.6). These negative effects were only observed following
extensive crosslinking of CD45RB antibodies, either by immobilisation onto tissue
culture plastic, or by crosslinking with avidin. In experiments where 0X12 (anti-ratIg kappa Ab) was used to crosslink CD45RB relatively little inhibition was observed.
This implies that a high degree of crosslinking of CD45, as would be achieved with
bio-antibodies plus avidin, or immobilised antibodies, was necessary to induce marked
reduction in pH]TdR uptake. These data were quite unexpected, as previously the
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generation of negative signals in immature B lymphomas was believed to be a unique
function of the antigen receptors (Boyd and Schrader, 1981, Pennell and Scott, 1986).
The role of T cell derived influences in modulating B cell tolerance has
previously been discussed (see section 3.13.2). CD45-mediated inhibition was not
reversed by Th2-derived interleukins, IL-4 (Fig. 5.8), IL-5, IL-10 or IL -la (data not
shown). In earlier experiments studying anti-Ig mediated effects in the B cell
lymphomas, activated, irradiated or fixed Th2 cells had been used to investigate a
role for contact dependent T cell help (see section 3.10). It was hoped to use such
DIO cells to similarly investigate a role for contact dependent T cell help in CD45
mediated growth inhibition. However, the DIO cells appear to change in
characteristics during an extended period of culture, and became inhibitory for the B
lymphomas, so it was not possible to carry out those experiments.
Ligation of CD40, in the presence or absence of IL-4, had no influence on the
growth inhibition produced by CD45 mAb (Fig. 5.8). Taken together with the results
in sections 3.9 and 3.11, this study implies the particular subclones used are relatively
unresponsive to T cell help. As neonatal B cells are known to be responsive to both
IL-4 and ligation of CD40 (Brines and Klaus, 1992 and 1993, in press), this suggests
these sublines of immature B lymphomas may not be appropriate models of immature
B cells. In addition, LPS is known to reverse the negative effect of soluble anti-/i in
the B lymphomas (Jakway et al., 1986), but the mitogen did not reverse the
hypercrosslinked CD45-mediated inhibition (Fig. 5.7). It is noteworthy that LPS also
had no effect on hypercrosslinked anti-^ induced inhibition (see section 3.6).
Anti-/x antibodies have been shown to induce apoptosis in these immature B
lymphomas (Hasbold and Klaus, 1990, Benhamou et a l, 1990). Apoptosis studies
presented here show that both sIgM and CD45-mediated signals resulted in cell death
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(Figs. 5.10 and Table 5.1), although two different methods of detection suggested that
the latter induced less apoptosis in the lymphomas than b.7.6. Culture with anti-;*
arrests cells in the Gi phase of the cell cycle (Scott et al. , 1986), and failure of cells
to progress through cell cycle accounts for the reduction in pHJTdR uptake seen in
proliferation assays. These results were confirmed here (Fig. 5.10). Ligation of CD45
did not cause Gi arrest in CH33 over 24 h of culture, despite inducing apoptosis in
a percentage of cells. It seems unlikely that cells continue to pass through cell cycle
until they undergo apoptosis, and there is no clear reason for this discrepancy.
Perhaps, the CD45-mediated signal induces delayed cell cycle arrest at a time point
greater that 24 h, which would not have been observed in these experiments.
Expression of the different CD45 isoforms appears to be regulated in both a
tissue-specific and a developmental manner (reviewed in Thomas and Lefrancois,
1988, Trowbridge, 1991). A number of studies have produced evidence that T
lymphocytes alter the pattern of CD45 isoform expression following antigen-induced
activation (Birkeland et al. (1989), and development (Akbar et al., 1988,
Merkenschlager and Fisher, 1991). Mature B cells express predominantly the 220
kDa isoform of CD45 (Johnson et al. , 1989), although Birkeland et al. , (1989), have
suggested that germinal centre B blasts may express an alternative isoform.
Biochemical studies have shown that CD45 associates with sig in B cells (Justement
et al., 1991), and with a number of cell membrane molecules involved in
transmembrane signalling in T cells (reviewed in Trowbridge, 1991, Alexander et al. ,
1992). In addition, co-capping experiments indicate that the various CD45 isoforms
differentially associate with different T cell surface molecules (Dianzani et al. , 1992).
These studies suggest that the extracellular domain, as a result of binding (an
unknown) specific ligand, may be involved in regulating CD45 function during
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development and in immune responses. Stamenkovic and co-workers (1991) found
that a CD22-Ig fusion protein bound T and B cells, and binding was blocked by
CD45RO

mAb.

Subsequently,

CD22-Ig

fusion

protein

was

shown

to

immunoprecipitate a 180 kDa molecult from a T cell line, which could be blotted
with specific mAb to CD45RO (Aruffo et al. , 1992), suggesting that CD22 is a lignad
for CD45RO. Recently it has been shown that CD22 recognises N-linked
oligosaccharides with a-2,6-linked sialic acids (reviewed in Clark, 1993), raising the
possibility that CD22 recognises structures including CD45RO, and CDw75 epitopes
(Stamenkovic et al. y 1991), by binding to carbohydrates containing a sialylated
structure. In the absence of any further information on the ligand(s) bound by the
different CD45 isoforms, mAbs to CD45 have commonly been used to address the
role of the PTPase in signal transduction.
The CD45-induced inhibition denionstrated here was observed only with
extensively crosslinked CD45RB antibodies. The lack of effect by pan CD45 Abs
suggests that binding to a specific epitope on CD45 may be essential to either
stimulate or inactivate the phosphatase activity of the protein. Thus CD45RB
antibodies may recognise an epitope close to, or at, a site at which the putative ligand
binds, and is thereby able to regulate CD45 PTPase activity.
The present study also shows that hypercrosslinked CD45RB antibodies
enhanced the growth inhibition induced by both anti-/x and anti-0 in these cell lines
(Figs. 5.5 and 5.6). In preliminary experiments cells were cultured with bio-anti-Ig
Ab simultaneously with bio-CD45RB Ab, and addition of avidin resulted in very high
levels of inhibition (70 - 80%), even at low concentrations of both antibodies (< 0.1
fig/ml anti-Ig Ab), suggesting the two surface receptors synergise (data not shown).
However, due to the caveat outlined above, that experiments involving co-crosslinking
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of CD45-TCR in T cells prevented the TCR dimerization necessary for signal
transduction, it was possible that crosslinking CD45-sIg also prevented appropriate
Ig oligomerization. To avoid this possibility, CD45 and Ig were not physically co
crosslinked in the subsequent experiments investigating the effect of the PTPase on
anti-Ig mediated growth arrest.
It is possible that CD45 acts to potentiate the pathway used by sIg, or
alternatively CD45 may induce discrete biochemical pathway(s) leading to growth
inhibition and apoptosis. In support of the latter proposal, CD45 PTPase has been
shown to regulate signalling via a number of lymphocyte surface receptors, in
addition to the B and T antigen receptors (Ledbetter et aA, 1988), and also the
cytoskeletal proteins fodrin and spectrin (Lokeshwar and Bourguignon, 1992).
However, it is not known whether the high concentration of any putative CD45 ligand
and/or the extensive degree of crosslinking necessary to induce growth inhibition in
this in vitro system would be achieved physiologically. It is perhaps more probable
that ligation of CD45 could modulate the sig-induced tolerizing signal in vivo.

5.9.2.

Discussion part II: Signal transduction via CD45 in the B cell lymphomas.

CD45 is thought to regulate receptor signalling by dephosphorylating tyrosine
residues on one or more substrates involved in the signal transduction pathways. As
yet, substrates of CD45 PTPase have not been definitively identified in mature B or
T cells, although CD45 has been shown to form a complex with the tyrosine kinase
p56‘‘"‘' and two putatative G proteins in T cells (Schraven et ah, 1992). It is also
believed to activate pSb**"^ by dephosphorylation of an inhibitory regulatory site
(Ostergaard et ah, 1989). As other src family kinases possess analogous sites it has
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been suggested that CD45 may act on these (Shiroo et a/., 1992). CD45 on B cells
may therefore regulate the non-receptor PTKs associated with the sig complex, such
as p53/56*^, p59^, p56‘^'^ and p55*’"'. An additional possibility is that CD45 may
regulate the lyn kinase associated with the CD19/CR-2/TAPA-1 complex, whose
function is to amplify the sig mediated signal (Fearon, 1993). CD45 also has the
capacity to dephosphorylate Igcx and jS subunits of sIgM complex in vitro (Justement
et al. y 1991), although as many phosphatases are promiscuous in vitro, the
physiological relevance of this data is unclear.
We therefore wished to investigate the effect of this PTPase on tyrosine
phosphorylation

in

these

immature

lymphomas.

To

this

end,

anti-ptyr

immunoprécipitations and western blotting analyses were carried out from cells
incubated with CD45RB alone, or cells treated with CD45RB plus anti-Ig antibodies.
The results of these studies showed the appearance of a number of tyrosinephosphorylated proteins following ligation of sIgM (Fig. 5.11), which correspond
with those previously reported by others (Gold et al. , 1990, Campbell and Sefton,
1990). However, in contrast to other studies, a number of the tyrosine phosphorylated
proteins were also detected in control cells, and these showed increased levels of
phosphorylation upon sig ligation. The molecular weights of the constitutively
phosphorylated proteins observed here corresponded to proteins that appear rapidly
after Ig ligation in other studies. It is likely that such proteins are constitutively
phosphorylated at a low level, and so not always detected in control cells, but show
increased tyrosine phosphorylation following Ig ligation. Brunswick et al. (1991)
showed that both the number and identity of the substrates detected depends on the
antibody used for immunoblotting. It is therefore probable that the differences
observed in different studies may reflect differences in the anti-ptyr antibody used
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rather than actual differences in the nature of the substrates being phosphorylated.
The tyrosine kinase(s) which are responsible for sig induced tyrosine
phosphorylation have not yet been conclusively identified, but several kinases co
precipitate with the sig complex. These include several members of the src family,
p53/56'’", p59^, pSô'^ and p55*'“' (Yamanashi et a l , 1991, Burkhardt et al,, 1991,
Campbell and Sefton, 1992) and also a 72 kDa protein tyrosine kinase (PTK72)
(Hutchcroft et al. , 1992) which may be the product of the syk gene (Taniguchi et al. ,
1991). All of these kinases are themselves tyrosine phosphorylated following sig
ligation. It is therefore possible that the cluster of bands detected at 53 - 60 kDa may
correspond to the src kinases whilst the bands appearing at ca. 73 kDa may
correspond to PTK72 (Fig. 5.11).
It was originally hoped to investigate tyrosine phosphorylation following
ligation of both sIgM and sIgD in the ô-transfected immature B lymphoma lines, to
determine whether differences in PTK activation could account for the different
responses of the lymphomas to anti-^ and anti-ô (see chapter 3). In addition, it was
intended to compare tyrosine phosphorylation patterns following ligation of sig in
immature and mature B cells. However, due to technical difficulties in developing the
immunoprécipitation and Western blotting techniques there was insufficient time to
carry out these experiments. It is notable that only proteins with Mr greater than 43
kDa were detected in these experiments. Thus the sig-associated a and

chains (of

Mr 32 - 34 kDa) were not detected. Several slightly different immunoblotting
techniques consistently failed to show up any low molecular weight proteins in
WEHI-231. The reasons for this are not clear, but possibly the Ig-associated proteins
did not transfer correctly from the polyacrylamide gel during the electroblotting
process.
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Experiments investigating tyrosine phosphoproteins following ligation of CD45
indicated that the PTPase did not induce any apparent decrease in tyrosine
phosphorylation of constitutive bands (Fig. 5.12). Preincubation with crosslinked (or
uncrosslinked) CD45RB also had no effect on tyrosine phosphorylation induced by
anti-ft (Fig. 5.12). At first glance, these results would seem to indicate that CD45
PTPase activity is not involved in the induction of growth inhibition in the immature
B lymphomas, or in the synergistic growth arrest observed with anti-Ig. However, it
is worth stressing that these experiments only examined tyrosine phosphorylation on
a gross level. It would be necessary to investigate phosphorylation of individual
substrates over a more extensive time course to formally prove that CD45-mediated
dephosphorylation does not play a role in the phenomena observed. For example.
Justement et al. (1991) have shown that CD45 has the capacity to dephosphorylate
the Iga and

subunits of sIgM complex in vitro, which would not have been

observed in the present study as the Ig-associated molecules were not detected.
On the currently available evidence, it is not clear how CD45 regulates
signalling via the antigen receptors on B cells. Two models have been proposed to
explain the function of CD45 in T cells, the first suggests that ligation of CD45
initially activates the PTPase, leading to dephosphorylation of PTKs such as p56‘®
‘^,
and inducing an initial surge in tyrosine phosphorylation. Subsequently, CD45 PTPase
may be inactivated in response to Ca^"^ flux so that tyrosine phosphorylation of the
substrates can be maintained. As [Ca^^]; returns to basal levels, PTPase activation is
restored allowing further antigen stimulation (Ostergaard et a l , 1989 and 1991).
Recently, an alternative hypothesis was suggested by Desai et at. (1993), who
proposed that CD45 PTPase activity in vivo is constitutively functional, and required
to couple the TCR to the intracellular signalling machinery. Ligand binding negatively
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regulates the CD45 PTPase, resulting in loss of TCR function. This second model
might provide an explanation for the CD45-mediated inhibitory effects on anti-Ig
stimulation in mature B cells (Yakura et al. , 1983, Mittler et al. , 1987, Gruber et al. ,
1989. Hasegawa et al. , 1990), but neither hypothesis accounts for the effects of CD45
in the immature B cell lymphomas. Identification of both ligands and substrates of
CD45, and the use of models such as the immature B lymphoma system described
here, will hopefully lead to a clearer understanding of the role of this PTPase in
immature B cell tolerance.
In conclusion, the data presented here show that the immature B lymphoma
lines express the CD45RB isoform, but not CD45RA. Extensive ligation of CD45
with crosslinked Abs specific for the B exon caused growth inhibition, and induced
apoptosis in at least a percentage of cells. The growth arrest was not reversed by the
mitogen LPS, or by the T cell-derived factors IL-4 and/or ligation of CD40. Finally,
crosslinking of CD45 enhanced the growth inhibition induced by both anti-/* and antiÔ mAbs. It therefore remains possible that CD45 may play a physiological role in
tolerance induction in immature B cells.
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CHAPTER 6
GENERAL DISCUSSION.

"Immunological tolerance to self is one of the central issues in the study of the
immune system, for it is important to understand how a system devised for aggression
against foreign antigens can prevent aggression against self." (Lo et a h , 1991). Such
statements reflect the continued interest in the understanding of self tolerance and
imply the need for physical deletion and/or permanent inactivation of self-reactive
lymphocytes upon their first encounter with self antigen. Many studies have now
established that clonal deletion of autoreactive B cells can occur in the bone marrow
(and of T cells in the thymus) as one mechanism by which self tolerance can be
achieved, a theory originally proposed by Burnet (1957) and Lederberg (1959). As
discussed in Chapter 1, there is also considerable evidence for other, poorly
understood, processes in imposing and maintaining tolerance to self in the B cell
repertoire: receptor editing (Tiegs et ah, 1993, Gay et ah, 1993), clonal ignorance
(Goodnow et ah y 1989), peripheral clonal deletion (Russell et ah, 1991), clonal
anergy in the bone marrow and in the periphery (Goodnow et ah y 1989), and
continual silencing of self reactive lymphocytes by T cells (suppression, reviewed in
Parker and Eynon, 1991). These processes are often considered to be alternative,
complementary (fail safe) self tolerance mechanisms, and therefore only when
autoreactive T cells and/or B cells escape these mechanisms of physical deletion or
functional inactivation can autoimmunity occur.
In immunological studies, B cells are often considered the "poor cousins" of
T cells, the latter cells being recognised as key regulators of the immune response.
However, the arguments outlined in Chapter 1 indicate that autoreactivity within the
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B cell repertoire must also be controlled to minimize the likelihood of autoimmune
responses. It is only in recent years that the multiplicity of cell membrane proteins
on either T or B lymphocytes has begun to be appreciated. It is no longer possible to
consider the function of antigen receptors in isolation on either cell type, as it has
become clear that their function is modulated and regulated by a number of other
membrane molecules. For example, CD45 is known to be essential for signal
transduction via sig receptors in B cells (see Chapter 5) and results presented here
suggest it may play a role in immature B cell tolerance. As discussed in section 1.5,
a number of other surface receptors are also thought to be involved in regulation of
responses to anti-Ig, including CD22 and a complex of membrane proteins comprising
CD19-CR2-TAPA-1. CD22 is associated with the B cell antigen receptor complex,
its expression correlating particularly with sIgD (Dorken et al. , 1986), and is thought
to interact with PTK72 (reviewed in Clark, 1993). CD45RO appears to be one CD22binding glycoprotein (Stamenkovic et al., 1991), another is CDw75, with binding
dependent upon recognition of a2,6-linked sialic acids (see Chapter 5). Given the
interest of this thesis in both CD45 and sIgD, the two models described here would
be useful to investigate whether CD22 plays any role in negative signalling through
sIg receptors, and also provide systems which may be used to determine the
biochemical signalling pathway(s) involved. Information on the role of the CD19CR2-TAPA-1 complex is scarce, but the complex is known to amplify the signal
through the sig antigen receptors, perhaps compensating for low levels of antigen
(reviewed in Fearon,1993). A number of CR2 (CD21) ligands have been identified,
they include a number of complement (C3) fragments, which in the form of antibodyantigen-C3d complexes may serve to co-ligate the CR2 complex to sig (Fearon,
1993). A second ligand is CD23 (Fc,RII) which is expressed on many antigen-
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presenting cells and again may co-ligate the CR2 complex to sig (Aubry et al. , 1992).
For example, CD23 is expressed on follicular dendritic cells and, as described in
section 1.6, is believed to be important in the generation of B cell memory (Liu et
al. , 1991a). The CD 19 component has been suggested to associate with PI3 kinase and
PTK p56*^ (Fearon, 1993). The fact that CD 19 and CR2 are expressed early in
differentiation (see section 1. 1) suggests that they may be involved in sig signalling
in immature B cells, and it would be interesting to examine any function of the
CD 19-CR2-TAPA-1 complex in sig-mediated negative signalling at the different
stages of B cell development represented by the two models described here.
Precisely how the same cell surface antigen receptors can deliver both
activating and tolerizing signals remains to be fully elucidated. However, a number
of factors have been identified which are believed to influence the outcome of antigen
binding to sig receptors. It has been recognised for many years that the state of
maturity of a B cell is one factor, and it has been proposed that in immature B cells,
sIgM triggers a developmentally hard-wired tolerizing response, whereas mature B
cells (sIgM^,sIgD^) may be activated or tolerized by multivalent antigens (reviewed
in Nossal, 1983). During B cell ontogeny, the developmental sequence in the
expression of sIgM and sIgD has been thought to reflect differences in function
between the two Ig isotypes. The necessity of membrane expression of Ig fi protein
for B cell development is clear. Mice are rendered B cell-deficient by targeted
disruption of the Ig fi membrane exon, with maturation arrested at the pre B cell stage
(Kitamura et a/., 1991). The role of sIgD in B cell physiology is not yet clear,
although Roes and Rajewsky (1991) have shown that chimeric mice in which one of
the 0-heavy chain constant region alleles was deleted would respond to TD antigens.
In addition, Nitschke et al. (1993) have shown that mice deficient for IgD (generated
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by gene targeting) respond to TD and TI antigens, and have normal germinal centre
formation, suggesting that IgD is not necessary for the induction of immune
responses. These authors suggest IgD may be involved in homeostasis of the B cell
compartment. As discussed in Chapter 3, another in vivo function attributed to the
engagement of sIgD is the acquisition of resistance to tolerance induction (Cambier
et al. , 1977, Scott et al. , 1977, Vitteta et al. , 1977, Carsetti et al. , 1993). However,
other studies have demonstrated that sIgD has no effect on tolerance susceptibility in
immature B cells (Layton et al. , 1979a and b, Ales-Martinez et al. , 1988, Tisch et
al. y 1988, Goodnow et al., 1988 and 1989). Furthermore, a number of reports have
suggested that sIgD mediates negative signals in both immature (Brines and Klaus,
1992) and mature B cells (Brink et a l, 1992). Results presented in Chapters 3 and
4 are in agreement with the latter view, but more work is needed to determine the
precise role of sIgD.
A second factor involved in determining the outcome of antigen binding to sig
is the presence or absence of Th cell-derived signals. The Bretscher and Cohn (1970)
two signal model of B cell activation proposes that a mature lymphocyte is tolerized
when it encounters an antigen but fails to receive a second signal (see section 1.6.4).
The exact nature of the second signal is not yet clear (see section 1.6). Nevertheless,
numerous studies indicate that both cognate B cell-T cell interaction and secreted
interleukins such as IL-4 and IL-5 regulate B cell responses to antigen (reviewed in
Noelle and Snow, 1992, Parker, 1993), and serve to emphasize how sIg-mediated
effects should not be considered singly, but in the context of additional signals
received by receptors other than the antigen receptors. It has recently become evident
from a number of studies that ligation of CD40 on B cells, via its interaction with the
counter ligand (CD40L) on activated T cells, plays a pivotal role in contact-mediated
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T cell help for B cells (reviewed in Noelle and Snow, 1992). CD40L gene defects
have been shown to be responsible for X-linked hyper-IgM syndrome (Aruffo et al. ,
1993, Cuttler Allen et a/., 1993, Korthauer et al., 1993), indicating its importance
in normal B cell activation in vivo. Results presented in Chapter 4 suggest that
ligation of CD40, in conjunction with IL-4, caused maximal protection from anti-Ig
induced negative effects in mature B cells, and are in line with other studies
suggesting CD40L and IL-4 are major T cell derived influences involved in
modulating the induction of B cell tolerance (Liu et al. , 1989). The systems described
in this report may provide useful models for further investigation of the role on Th
cell factors in B cell tolerance, both cognate B-T cell interactions and secreted
cytokines.
This general area of research also illustrates the point that human B cells and
murine B cells differ significantly in their responses to cytokines. For example, in
murine B cells, secretion of Ig and class switching depends on addition of IL-4 and
IL-5, whilst in human B cell responses to fixed, activated T cells IL-2 plays a key
role, although IL-4 and IL-6 can enhance secretion (reviewed in Parker, 1993). Such
results illustrate the point that information provided by murine models does not
necessarily apply to human systems, and should be extrapolated to human, or other
species, systems only with care.
Dose response studies of B cell inactivation in a variety of model systems have
emphasized the necessity for a critical level of receptor engagement and the
importance of factors such as antibody affinity, antigen valency and antigen
concentration (Klaus et al., 1976, Nossal, 1983, Goodnow, 1992). A signalling
threshold model has been proposed (reviewed in Wiegel and Perelson, 1981,
Goodnow, 1992), which predicts that differences in the degree of antigen receptor
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multimerization can account for induction of activation or tolerance in B cells (see
Chapter 4). The changes in the nature of responses from immunogenic to tolerogenic
with increasing epitope density have been found with many antigens, both TI and TD
(for example Feldman and Hasten, 1971, Goodnow et al. , 1989). In general, ligation
of a critical number of sig receptors, resulting in the formation of small clusters of
receptors, described as immunons by Dintzis et al., (1976), favours the generation
of activation signals. An antigen which has the capacity to induce greater
oligomerization causes anergy, whilst highly crosslinking antigens, causing extensive
sig multimerization is thought to trigger clonal deletion. Results presented here (see
Chapters 3 and 4) are broadly in line with this idea. However the signalling threshold
model does not fully account for the influence of factors such as antibody affinity and
antigen concentration on tolerance induction. As yet, it is not clear how these factors
(antigen concentration, antigen affinity and epitope density/degree of antigen receptor
crosslinking) combine to induce B cell activation or B cell tolerance. The mature B
cell tolerance model could be utilised to systematically study the physiochemical
properties of antigens and antigen receptors which define signalling thresholds in
mature B cells. The three factors outlined above may be tested by use of alternative
crosslinking agents, different anti-Ig Abs of varying affinities, and titrations of anti-Ig
Ab dose. In addition, Goodnow et at., (1989), using the HEL transgenic mouse
model, suggest that less than 5% occupancy of sig by antigen results in clonal
ignorance. It would be of interest to determine whether this result can be generalised
for normal murine B cell populations or cell lines.
A number of model systems have been used to investigate tolerance. The
recent development of transgenic mouse models (reviewed in Goodnow, 1992) have
provided valuable insights into the cellular events involved in self tolerance within the
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B cell repertoire, and have confirmed the existence of clonal deletional and functional
inactivation as mechanism for censoring self-reactive cells. However, the further
development of in vitro models is necessary in order to study the intracellular
molecular and biochemical events which underlie the process of self tolerance. The
clonal nature of B cell development has hindered the detailed biochemical analysis of
the consequences of binding specific antigen to B cells in the study of either activation
or inactivation. This problem has been circumvented to some extent by the use of
anti-Ig antibodies which bind to all B cells although, the use of anti-Ig as surrogate
antigen is problematic as the anti-Ig antibodies probably do not mimic the effects of
TD antigens. It was assumed that transgenic mouse models would provide populations
of normal B cells specific for a known antigen for use in in vitro biochemical and
molecular biology studies. However, the B cells isolated from transgenic mice often
show aberrant responses to antigen, and have not been as successful as hoped.
Therefore, the development of in vitro models is still necessary.
The immature B lymphomas (described in Chapter 3), have been used as
models for immature B cells, and have implicated both PlPg hydrolysis and PTK
activation in immature B cell tolerance. No data is currently available on biochemical
signals involved in mature B cell tolerance. Both the models described here will be
of use to further study the biochemistry of B cell tolerance. A number of interesting
questions arise, such as whether qualitative or quantitative differences in biochemical
pathways account for activation rather than tolerance following ligation of sig. In
addition, it would be interesting to determine whether different pathways are involved
in the "hard-wired" response to antigen in immature B cells (Nossal, 1983) compared
to the signals generated following ligation of sig in mature B cells. Yao and Scott
(1993) recently reported that the PTK p55*’"' is a critical component in the signalling
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for growth arrest and apoptosis in the CH31 lymphoma. An obvious experiment
would be to examine the role of

in mature B cell activation (for example, with

uncrosslinked bio-anti-Ig), and tolerance (for example with hypercrosslinked bio-antiIg) using the mature B cell model.
A number of genes have been identified which are believed to be involved in
lymphocyte apoptosis, including PD-1 (Ishida et al. , 1992) and bcl-2 (Cuende et al. ,
1993). Additionally, Trauth et al. (1989) have described a cell surface molecule,
APO-1 (also termed FAS antigen, Dehm et al. , 1992), which is expressed in activated
B cells, T cells and many lymphoid tumours. Treatment of the tumour cell with antiAPO-1 induces apoptosis. Interestingly, APO-1 is a member of the same TNF
receptor family as CD40, the latter acting to prevent B cell apoptosis. The mature B
cell model, which uses normal B cells rather than lymphomas, may be of use to
investigate the expression (and function) of such genes, and molecular events which
underlie negative signalling in these cells.
Finally, the physiological stimulation of B cells and the mechanisms governing
B cell activation or tolerance are undoubtedly complex, and numerous fascinating
questions remain to be answered. Extensive regulation is clearly essential to prevent
activation and expansion of autoreactive B cells in vivo. The fact that the same
antigen receptors can mediate both negative tolerizing signals and positive activating
signals makes it impossible to consider B cell tolerance without also considering B
cell activation, and the factors that determine which will result following antigen
binding. Continued research into lymphocyte activation and inactivation should
therefore increase our knowledge of the processes of normal and aberrant growth, and
the interacting cells and factors which control them. In this way it may be possible
to development regimens to alleviate autoimmune disease.
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