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ABSTRACT.

IL-4 and IL-13 are structurally related cytokines with overlapping
biological properties on human B lymphocytes. The IL-4 receptor is composed
of a 140KDa a chain (IL-4Ra) and the common y chain (yc ). Receptor binding
studies indicate a shared component for the IL-4 and IL-13 receptors. Initial
experiments compared effects of IL-4 and IL-13 on human tonsillar B cells in
functional assays.The major difference between the two cytokines was that the
magnitude of the response to IL-4 was much greater than the response to
IL-13.
The common receptor components were further investigated using
antibodies to the IL-4 receptor, which could inhibit both IL-4 and IL-13
responses. In addition the effects of mutant IL-4 molecules on responses to
IL-4 and IL-13 was studied. These mutants are potent inhibitors of IL-4
responses and some but not all of the mutants could also inhibit IL-13
responses. The studies suggest that IL-4 and IL-13 share a common receptor,
probably composed of the IL-4Ra chain and an IL-13 binding chain. Binding of
both cytokines to the IL-4Ra receptor chain has also been investigated using a
BIAcoreT"^ biosensor. IL-4 was found to bind with high affinity but no significant
binding of IL-13 was observed.
Overlapping function of IL-4 and IL-13 was also studied by looking at
second messenger generation in response to the cytokines. It was confirmed
that IL-4 signalled through a novel pathway involving a transient increase in IP3
and calcium followed by sustained increases in cAMP. This signalling pathway

was also activated in human B cells by IL-13. Various intracellular proteins
were also phosphorylated on tyrosine in response to IL-4 and IL-13 but the
patterns obtained were not identical. The results obtained have enabled us to
construct a model for a receptor shared between IL-4 and IL-13, consisting of
the IL-4Ra chain and an IL-13 binding chain.
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1.1. CELLS OF THE IMMUNE SYSTEM.

The cells of the immune system arise from pluripotent stem cells (IL-3R*,
c-kit*) in the bone marrow (Ikuta et al., 1992). Various developmental stages
lead to a range of mature phenotypes denoting the cells of the immune system.
These cells co-operate with each other and with non-haemopoetic cells to
generate an immune response. The immune response can be categorised as
either cellular (cell mediated) or humoral (antibody mediated). Cellular
immunity involves delayed type hypersensitivity and cell mediated killing by
cells such as basophils, eosinophils, natural killer cells, neutrophils,
macrophages and cytotoxic T cells (Tc). Humoral immunity involves antibody
secretion by B cells. The secreted antibodies then bind specifically to antigens
to form immune complexes which aids the clearance of pathogens from the
body.

1.1.1. T CELLS.
Both T cells and B cells develop from lymphoid progenitor cells found in
the bone marrow. The initial step of T cell development requires migration from
the bone marrow to the thymus. Some work has shown that the thymus is
seeded by an uncommitted lymphoid progenitor cell which can give rise to T
cells, B cells or NK cells (reviewed in Spits, 1994). However, in mice, there is
some evidence that DJ gene rearrangement and therefore commitment to a T

23
cell lineage can occur before entry of T cell precursors into the thymus
(Rodewald et al., 1994; Rodewald, 1995). In the thymus, T cells undergo gene
recombination events in order to express a mature T cell receptor (TCR). This
involves rearrangement of the V-J gene segments (reviewed in Alt et al., 1992).
The mechanism of the rearrangement involves specific recognition of
heptamer-nonamer sequences which flank the coding region of the V and J
gene segments. The enzymes which carry out the rearrangements are
unknown, although expression of two lymphoid specific genes, RAG-1 and
RAG-2 (recombinase activating genes) is required for recombinase activity
(Oettinger et al., 1990).
In the thymus, the rearranged TCR is then expressed on the surface of
mature T cells in complexes with a variety of other T cells markers including
CDS and CD4 or CD8. Two sets of selection events then occur: positive
selection or thymic education so that the T cell repertoire recognises antigen in
conjunction with self-MHC, and negative selection to eliminate cells expressing
autoreactive TCR (von Boehmer et al., 1993; Steele et al., 1993).
All mature T cells express the T cell receptor (TCR) in conjunction with
other surface markers such as CDS. The TCR will recognise a specific antigen
in combination with MHC molecules presented on the surface of specialised
antigen presenting cells (ARC). All begin life as CD4VCD8''double positive
cells but further differentiation leads to two subsets, separated on the basis of
CD4 or CD8 expression and cellular function:

Cytotoxic T cells (Tc): cytotoxic T cells form a major component of the cellular
immune system. The cells are usually CD3% D 8^ and recognise antigen

24
presented in combination with MHC class I which is expressed on the surface
of most host cells (Gajewski et al., 1989). Tc cells destroy host cells expressing
foreign antigen, such as virally infected cells or engrafted cells.

Helper T cells (Th): These cells are CD3VCD4‘^and recognise antigen in
combination with MHC class II, expressed on specialised antigen presenting
cells such as B cells and dendritic cells. Once activated by signals through the
TCR, Th cells can activate cytotoxic T cells or B cells via cell-cell contact and
secrete cytokines which favour the cellular or humoral immune response. They
can be further subdivided into ThO, Thi and Th2 cells, depending on the profile
of cytokines secreted (Mosmann et al., 1986; Mossman and Coffman, 1989).
Thi cells secrete IL-2, TNFp and interferon y (IFNy) and support a
predominantly cellular immune response whereas Th2 cells secrete interleukin
4 (IL-4), interleukin 10 (IL-10) and interleukin 13 (IL-13) and divert the immune
system to a humoral immune response (Paul and Seder, 1994). ThO cells
secrete low amounts of cytokines and were initially thought to be precursors of
the other subsets (Paul and Seder, 1994). However, they have been used as
evidence that helper T cells are not discrete subsets but that a range of
phenotypes between the two extremes can be seen (Kelso, 1995).
T helper cell differentiation is determined by a range of factors, including
cytokines. Cytokines such as IL-4 cause differentiation to Th2 cells and
enhanced humoral immune response whereas IL-12 and IFNy promote
differentiation to Thi cells and enhance the cellular immune response
(Mosmann et al., 1986; Kelso, 1995).
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1.1.2. B CELLS.
In contrast to T cells, early B cell development occurs in the bone
marrow. It involves gene rearrangement and expression of surface
immunoglobulin of a single specificity. The gene rearrangements include site
specific recombination of the VDJ segments of the variable regions of the
immunoglobulin genes which probably requires the same enzymes which cause
TCR rearrangement (Alt et al., 1992; Harriman et al., 1993). The RAG-1 and
RAG-2 genes are also required for immunoglobulin rearrangement (Oettinger
et al., 1990). The rearrangement process begins with the juxtaposition of a
single D region segment directly upstream of a J region gene segment followed
by attachment of a V element to form the variable region of the antibody
molecule (Rajewsky, 1992; Jongstra and Misener, 1993). This region is then
spliced to the p constant region locus to form a functional heavy chain gene.
The heavy chain protein is initially expressed on the surface of the pre-B cell in
conjunction with the products of the pseudo light chain genes 14.1 and VpreB
to form surrogate immunoglobulin (Jongstra and Misener, 1993). The surrogate
immunoglobulin plays an important role in survival of the B cell. Surface
expression of the heavy chain signals allelic exclusion at the immunoglobulin
heavy chain (IgH) locus, to ensure that each cell expresses antibodies of a
single specificity only (Alt et al., 1992; Rajewsky, 1992). Proliferation of the
progenitor cells expressing surrogate immunoglobulin requires IL-7, in
combination with factors secreted from stromal cells (Sudo et al., 1989; Ikuta et
al., 1992).
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Pre-B cells can then differentiate into antigen responsive B cells by
rearrangement and expression of one of their light chain genes and
subsequent expression of a functional antigen receptor on the surface of the B
cell. This is accompanied by loss of expression of the surrogate immunogloblin,
and generates a functional naive B cell. Allelic exclusion at the L chain locus is
mediated by the prevention of all V-D-J recombination activity after expression
of mature light chains on the cell surface. The expression of the mature antigen
receptor on the surface of the B cell denotes a functional naive B cell.

1.1.3. ACCESSORY CELLS.
Activation of both B cells and T cells also depends on the presence of
other cell types, known as accessory cells. These cells often function as
antigen presenting cells (ARC). All ARC for T cells express antigen as a
complex with MHO II. One of the most important ARC for T cells are dendritic
cells found in the thymus, spleen and lymph nodes. Dendritic cells are nonphagocytic cells, most derived from the bone marrow, which present mainly
protein antigen (Steinman, 1991). They have also been implicated in T cell
responses to allogeneic MHO, which forms the basis of graft rejection. Another
ARC for T cells, the Langerhans cell, is found in the skin (Strielein et al., 1990;
Sprent and Schaefer, 1990). These cells are epithelial cells with dendritic cell
morphology, and are responsible for contact sensitivity reactions. Venular
endothelial cells and macrophages are also able to present antigen to T cells in
conjunction with class II MHC.
Although antigen can bind directly to the B cell receptor (surface
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immunoglobulin), a specialised form of dendritic cell, the follicular dendritic cell
(FDC), is able to present antigen to B cells (Tew et al., 1990). FDC are
discussed further in section 1.2.3. All of these cell types also secrete cytokines
and play an important role in the complex cellular interactions required for
immunocompetence.

1.2. B CELL RESPONSES TO ANTIGEN.

1.2.1. B CELL INTERACTION WITH ANTIGEN.
In a typical T cell dependent response to protein antigen, B cell
recognition of antigen by the BCR leads to a series of events which, with
appropriate T cell help, leads to antibody production. The B cell usually
encounters antigen for the first time in the secondary lymphoid organs such as
the spleen and lymph nodes. The antigen is bound by membrane
immunoglobulin on the surface of the B cell then internalised and degraded.
Peptide fragments are re-expressed as part of the MHC II complex. The
peptide/MHCII complex is then recognised by T cells which results in activation
of both cell types (Parker, 1993).

1.2.2. PROLIFERATION.
The B cell will initially undergo proliferation, in order to expand the clone
specific for the antigen. This is necessary to generate large numbers of B cell
clones which are able to secrete antibody specific for the antigen. B cell
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proliferation after exposure to antigen is T cell dependent and occurs in the
T cell rich areas of the spleen and lymph nodes (Clark and Lane, 1991).
The in vivo proliferation of B cells has been mimicked in vitro using a
range of stimuli, including crosslinking of the surface antigen receptor via
anti-IgM or Staphlococcus Aureus Cowan (SAC) and the presence of T cells or
T cell derived signals such as anti-CD40 or cytokines such as IL-2, IL-4 or
IL-13 (Mingari et al., 1985; Callard and Smith, 1988; Calvert et al., 1990;
Parker, 1993). These signals are described in more detail in sections 1.3 and
1.4. From the in vitro investigations, two stages in B cell activation and
differentiation can be observed. Resting B cells require signals through the
antigen receptor as well as a second, T cell derived signal (Burrows and
Cooper, 1993). In contrast, proliferation of activated B cells is not antigen
restricted since activated B cells will proliferate in response to T cell derived
cytokines or surface proteins alone (Parker, 1993).

1.2.3. ANTIBODY PRODUCTION.
The majority of B cells activated in the T cell rich areas of the secondary
lymphoid organs migrate to sites of antibody production in the spleen and
lymph nodes. Here, further differentiation occurs and the B cells become
antibody secreting plasma cells (Parker, 1993). Differentiation into plasma cells
also requires T cell help, mediated through surface markers such as CD40
(section 1.3.1) and various cytokines (section 1.4.2).
A number of signals important for B cell differentiation have been
determined using in vitro experiments. Stimulation of the cells through the
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antigen receptor or through the CD40 surface antigen in combination with a
range of T cell derived cytokines such as IL-2, IL-4 and IL-13 lead to enhanced
antibody production (Callard and Smith, 1988; Calvert et al., 1990;
Banchereau et al., 1994). The signals required for antibody secretion in B cells
are discussed in more detail in later sections.
Initially, plasma cells secrete IgM, but after class switching, can secrete
antibodies of other classes with more specialised functions, such as
complement fixation, antibody dependent cellular cytotoxicity (ADCC) and
opsonisation.

1.2.4. ANTIBODY CLASS SWITCHING.
B cells which are expressing the immunoglobulin heavy chain gene p
(IgM*) can switch to other heavy chain genes, whilst retaining the same V
genes (Harriman et al., 1993). This is known as class switching, in which the
gene for Op is replaced by another 0 region further downstream, coding for a
different heavy chain class. This leads to the expression of other classes of
immunoglobulin with different constant regions but the same variable regions
and antigen specificity.
The mechanism for this recombination event is thought to be looping
out of the intervening DNA followed by deletion to leave switch circles, which
can be seen in switched cells (Harriman et al., 1993). The recombination
occurs at specific switch sites located 5’ to each heavy chain constant gene
with the exception of IgD (Esser and Radbruch, 1990). All heavy chain class
switching may be mediated by a common recombinase, but under specific
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control by cytokine specific elements (Harriman et al., 1993). These cytokine
specific sites may control the switching by allowing access to the DNA
upstream of the switch sites. One mechanism proposed for the control is
déméthylation of the switch regions and a correlation has been shown between
déméthylation and immunoglobulin gene transcription in B cells (Esser and
Radbruch, 1990). Recombination appears to occur on the allelically excluded
gene as well as the active gene (Irsch et al., 1994).
In vitro experiments have indicated that class switching is controlled by
T cells, again by the production of cytokines and through surface antigen
interactions (Stevens et al., 1988). Cytokines such as IL-4, IL-10 and IL-13 are
able to drive germline transcription of specific heavy chain genes, but the CD40
interaction with CD40L on the T cell is required for the recombination of the
VDJ genes with the new heavy chain (see sections 1.3.1 and 1.4.2).

1.2.5. AFFINITY MATURATION IN THE GERMINAL CENTRE.
After initial interaction with the T cell and in some cases antibody class
switching, many B cells migrate to primary follicles in the lymphoid organs.
Primary follicles consist of follicular dendritic cells (FDC), presenting antigen in
the form of immune complexes (MacLennan, 1994). Entry of B cells into the
primary follicles after activation by T cells in the T cell rich zones of the
secondary lymphoid organs triggers the generation of germinal centres. A
mature germinal centre consists of a mantle region containing resting B cells
surrounding the morphologically distinct dark zone containing proliferating B
cells that express low levels of surface IgM and the light zone, containing FDC
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and non-proliferating B cells expressing high levels of surface IgM
(MacLennan, 1994; Maizels, 1995). Germinal centres have several important
functions in B cell development, including affinity maturation, selection of high
affinity antibodies and generation of plasma cells and memory cells
(MacLennan, 1994).
Affinity maturation is the increase in affinity of the antibodies produced
by the cell as a result of somatic mutation of immunoglobulin V genes, followed
by selection for those clones which express high affinity antibodies. It occurs as
the B cells proliferate in the centre or dark zone of the germinal centre (Nossal,
1994). B cells then pass through to the light zone, where they die by apoptosis
unless rescued by high affinity antibody binding to antigen presented on
follicular dendritic cells (MacLennan, 1994). Rescue from apoptosis requires a
signal through the antigen receptor as well as a further signal delivered through
CD40-CD40L interactions. CD4* T cells that are also present in the germinal
centres are involved in this process of selection, probably through the CD40CD40L interaction (Nossal, 1994). The germinal centre has also been
implicated in the removal of autoreactive B cell clones. This is thought to occur
in a region between the two zones of the germinal centre where T cell help is
not available. B cells receiving a signal through the antigen receptor in this
region (i.e. those which react to self antigen) become anergic and do not
continue to proceed down the differentiation pathway (Nossal, 1994).
B cells selected in the light zone by high affinity antibody binding to
antigen on FDC may then return to the dark zone to undergo further
hypermutation, or exit the germinal centre either as an antibody secreting cell
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(plasma cell) or a memory cell (Nossal, 1994). Plasma cells secrete high levels
of antibody and constitute the primary immune response, whereas memory
cells remain in a resting state and produce a rapid response after further
exposure to the antigen.

1.2.4. GENERATION OF MEMORY.
Memory B cells are usually switched cells (expressing immunoglobulin
isotypes other than IgM and IgD) and have undergone somatic mutation of their
immunoglobulin variable chain (ig V) genes to give increased antibody affinity.
They are CD38VCD20*, compared to plasma cells which are CD38VCD20'
(Arpin et al., 1995). The generation of memory B cells is controlled by the CD4*
T cells in the outer zones of the germinal centre (via CD40-CD40L interactions)
as well as by various cytokines, including IL-2 and IL-10 (Nossal, 1994; Arpin
et al., 1995). Memory B cells generate the secondary immune response, which
is activated in response to repeated challenge from the same antigen. Under
these circumstances, the memory cells proliferate in follicles in response to
antigen presented on FDC, then differentiate to rapidly produce a large
population of plasma cells producing high affinity antibodies to the pathogen
(MacLennan, 1994).

One of the common themes in determining B cell function is the
collaboration with T cells. This is mediated by both surface interactions
between the B cells and T cells and by cytokines secreted by the T cells. The
molecular basis of these interactions is discussed further in the next sections.
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1.3. ROLE OF SURFACE INTERACTIONS IN T CELL
DEPENDENT B CELL MATURATION.

Early experiments by Mitchell and Miller showed that T cells were
essential for production of antibodies to many antigens, now known as T
dependent antigens (Mitchell and Miller 1968a, Mitchell and Miller 1968b). T
cell help to B cells depends on the interaction of surface molecules and also on
cytokines (Parker, 1993). Surface proteins important in cognate interactions
between B cells and T cells are summarised in figure 1.1 (from Clark and
Ledbetter, 1994). Some of these, for instance VCAM (GDI 06) on the B cell
binding to VLA-4 (CD49d/29) on the T cell are probably most important for
adhesion, but other receptor-ligand pairs can generate an intracellular signal
and are essential for normal activation of the B cell and T cell. One of the most
important of these is the interaction between CD40 and its ligand.

1.3.1. CD40-CD40L
CD40 is a 45-50KDa glycoprotein found on the surface of B cells,
epithelial cells and some lymphoid dendritic cells (Barclay et al., 1993). It is a
member of the TNFo/NGF receptor superfamily and its gene maps to
20q11.2-13.2 (Stamenkovic et al., 1989). The ligand for CD40 (CD40L) is a
35KDa protein which maps to chromosome Xq24 in human (Armitage et al..
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Figure1.1. Surface molecules involved in T cell dependent
B cell activation.
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1992; Armitage et al., 1993a). CD40L is expressed on activated CD4^ helper T
cells as well as some CD8^ T cells and mast cells and is essential for T cell
help to B cells in switching and affinity maturation (Banchereau et al., 1994).
Crosslinking of CD40 on B cells either using monoclonal antibodies or
recombinant CD40L induces murine and human cells to proliferate and secrete
antibodies (Gordon et al., 1988; Banchereau et al., 1991; Banchereau and
Rousset, 1991; Zhang et al., 1991; Spriggs et al., 1992; Brines and Klaus,
1993; Banchereau et al., 1994; Dune et al., 1994). On addition of various
cytokines, the B cells can also undergo antibody class switching, which is an
essential feature of the humoral immune response. The functions of cytokines
in class switching are discussed further in section 1.4.2.
CD40 stimulation of B cells is required for rescue from apoptosis in the
germinal centres after affinity maturation (Nossal, 1994). Stimulation through
CD40 results in rescue from apoptosis for those cells containing high affinity
antibodies (section 1.2.3). CD40 stimulation is also involved in the generation
of memory cells (section 1.2.4). In the presence of IL-2 and IL-10 with CD40L in
vitro, B cells differentiate to become memory B cells but when the CD40L is
removed from this culture system, only plasma cells can be found (Arpin et al.,
1995). These conditions are probably provided in vivo by the CD4"^ T cells
present in the outer zones of the germinal centre.
The importance of CD40-CD40L interactions in T cell-B cell
collaboration is further emphasised in X-linked hyper IgM syndrome (XHIGM)
which is caused by a mutation in the gene for CD40L (Cutler Allen et al., 1993).
Affected males have normal or elevated serum levels of IgM but low or absent
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IgG, IgA and IgE, and germinal centre formation is impaired. However, B cells
from XHIGM patients will proliferate normally in response to anti-CD40
monoclonal antibodies or recombinant CD40L, and antibody secretion in
response to stimulation through CD40 with IL-4 or IL-10 is also normal
(Durandy et al., 1993). The phenotype of the disease demonstrates that in the
absence of normal CD40-CD40L interactions, the maturation of B cells into
high affinity antibody secreting cells is severely impaired, and underlines the
importance of CD40-CD40L interactions in the humoral immune response.

1.3.2. CD80-CD28
Another important interaction between T cells and B cells is the ligation
of CD80 (B7/BB1) on the B cell by CD28 on the T cell (Clark and Ledbetter,
1994). CD80 is found on B cells, activated macrophages and dendritic cells, all
of which are involved in presenting antigen to T cells (Barclay et al., 1993). Its
ligand, CD28, is found on all T cells. The ligation of CD28 on T cells previously
stimulated through their antigen receptor causes proliferation and increased
secretion of cytokines such as IL-2. Expression of CD40L on T cells is also
increased by ligation of CD28, and crosslinking of CD40 on B cells increases
expression of CD80, thus providing a positive feedback mechanism for
activation of both B cells and T cells (Ranheim and Kipps, 1993). However,
CD80 and CD28 deficient mice have normal levels of B and T cells and normal
antibody responses, indicating the presence of alternative activation methods
to replace this ligand pair (Freeman et al., 1993a; Shahinian et al., 1993).
Alternative ligands have now been found, including CTLA-4 on activated T cells
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and B70/B7-2 on B cells which can take the place of the ligands described
above in the activation pathway (Azuma et al., 1993; Freeman et al., 1993b).
However, differences in the function of the ligand pairs have been found. In the
selection of helper T cell subsets, if B7-1 is blocked on B cells, predominantly
Th2 cells are genrerated. Alternatively, if B7-2 is blocked, predominantly Thi
cells are generated (Thompson, 1995). These results suggest subtly different
functions for the different ligand pairs.

1.3.3. CD11a/CD18 (LFA-1)-CD54 (ICAM-1)
The GDI 1a/18-CD54 ligand pair may also be important for B cell-T cell
crosstalk. GDI la /G D I8 is expressed on T cells after crosslinking of the TGR
complex and can signal to the activated B cell (Barrett et al., 1991; Lane et al.,
1991). Both GD54 (IGAM-1 and GDI la /G D I8 (LFA-1) are also important as
intracellular adhesion molecules. Patients who do not express GDI la /G D I8
show delayed cord separation and have repeated infection, due to reduced
activation of neutrophils. The patients produce low levels of IgM and IgG,
suggesting that the interaction, although not essential, does contribute to T cell
dependent B cell maturation (Glark and Ledbetter, 1994).

1.3.4. CD22-CD45
Another B cell surface marker with a ligand on T cells is GD22, which
binds to GD45Ro. GD22 is a member of the immunoglobulin gene superfamily,
and expression on B cells correlates with expression of sig, especially IgD (Law
et al., 1994). Antibodies to GD22 enhance B cell responses to Ig stimulation,
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and may alter the threshold for association with Ig, but a direct role in T cell-B
cell interactions has not been shown (Clark and Lane, 1991; Parker, 1993).

1.3.5. CD19.
GDI 9 is a member of the Ig gene superfamily and is B cell specific,
expressed early in ontogeny (Barclay et al., 1993). The ligand for G D I9 is
unknown. GDI 9 is found on the surface of B cells in a complex with other
proteins, including TAPA-1, which can associate with membrane proteins on T
cells such as GD4 or CDS (Fearon and Garter, 1995). This might provide an
indirect method for T cell modulation of B cell function through G D I9. Extensive
coligation of GDI 9 to mig lowers the threshold for activation of B cells by IgM,
but use of soluble GDI 9 antibodies in the same assays causes inhibition of B
cell proliferation (Tedder et al., 1994; Fearon and Garter, 1995). Responses to
GDI 9 may also be dependent on the developmental stage of the B cell, since
crosslinking of GDI 9 promotes proliferation of pre-B cells, but can delay the
onset of proliferation in mature B cells (Glark and Lane, 1991). The nature of
these responses indicates that GDI 9 might be important in regulating B cell
responses both in a positive and a negative fashion.

1.3.6. CD20.
GD20 is a pan-B cell marker with homology to proteins that form ion
channels (Barclay et al., 1993). The ligand for GD20 has not been identified.
Antibodies to GD20 in costimulation with GD40 can activate B cells, and GD20
antibodies alone have been reported to stimulate resting B cells but inhibit
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activated B cells (Clark and Lane, 1991; Parker, 1993). After ligation of CD20,
influxes of calcium can be seen, indicating that this protein may form part of an
ion channel to regulate intracellular calcium (Clark and Lane, 1991).

1.3.7. CD23.
CD23 is a C-type lectin which is constituitively expressed on IgM'" IgD* B
cells in the periphery (Barclay et al., 1993). It is considered to be an activation
marker for B cells and expression can be increased by treatment with IL-4, or
by cognate interaction between T cells and B cells (Rigley et al., 1991; Kolb
and Abadie, 1993; Kaufman Paterson et al., 1994). It functions as a low affinity
receptor for IgE, as well as a ligand for CD21, the EBV receptor (Gordon,
1994). CD23 is associated with MHC II on B cells and there is evidence that it
is involved in the presentation of antigen to T cells (Flores-Romo et al., 1990a).
Ligation of CD23 with antibodies can signal to the B cells, via phosphoinositide
metabolism, to increase DNA synthesis promoted by IL-4 and anti-CD40, and is
thought to be important in stimulation of B cell proliferation on germinal centre
follicles (Clark and Lane, 1991; Gordon, 1994). Activation through CD23 is also
implicated in the initiation of a T cell dependent IgE response (Clark and Lane,
1991).

Combinations of the surface markers described above act together to
promote the proliferation, antibody secretion and class switching of B cells.
However, in many circumstances, further stimulation is required. This can be
mediated via T cell derived cytokines.
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1.4. ROLE OF CYTOKINES IN T CELL DEPENDENT
B CELL MATURATION.

1.4.1. THE CYTOKINES AND THEIR RECEPTORS.
Cytokines are low molecular weight proteins secreted by many different
cell types, which bind to specific receptors on the surface of their target cells.
There are at least 6 different families of cytokines, summarised in table 1.1.
A number of different cytokines have biological activity on B cells, but
those which this thesis will focus on, namely IL-2, IL-4 and IL-13, are all
members of the 4 a helix bundle family (see table 1.1). The 4 helix-bundle
cytokines all share tertiary structure, containing 4 a helices in similar
orientations, joined by strands of antiparallel p pleated sheet (for example see
figure 1.5). The cytokines also exhibit significant structural homology in the
designated receptor binding pockets (Denesyuk et al., 1994).
All of the 4 a helix bundle cytokines have receptors which are also
related in secondary structure (for examples see figure 1.3 and 1.7). The
receptors form the cytokine receptor superfamily (CKR-SF), characterised by
two or more domains, based on two linked fibronectin type III domains (Bazan,
1990a). The CKR-SF can be divided into two further groups, based on other
structural features (Bazan, 1990a). The CKR-SF class I group includes the
receptors for IL-2, IL-3, IL-4. IL-5, IL-6, IL-7, IL-9, IL-13, G-CSF, GM-CSF,
CNTF, LIF and Epo.
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Family

Members

Receptor type

Haematopoetins (4

IL-2, IL-3, IL-4, IL-5, IL-6, IL-7,

Cytokine receptor class

a helix bundle

IL-9, IL-13, IL-15, G-CSF, GM-

cytokines)

CSF, CNTF, OSM, LIF, Epo
IL-10, IFNa, IFNp, IFNy

Cytokine receptor class

M-CSF

Tyrosine kinase

EGF (p sheet)

EGF, TGFa

Tyrosine kinase

p-trefoil

FGFa, FGFp

Split tyrosine kinase

IL-1a, IL-lp, IL-1Ra

IL-1 receptor

TNFa, TNFp, LTp

NGF receptor

NGF

NGF receptor

TGFp1,TGFp2, TGFpS

Serine/threonine kinase

PDGF, VEGF

Tyrosine kinase

IL-8, MIP-1a, MIP-lp, MIP-2,

Rhodopsin superfamily

TNF (“jelly roll
motif)
Cysteine knot

Chemokines

PF-4, PBP, I-309/TCA-3, MCP1, MCP-2, MCP-3, ylP-10

Table 1.1. Structural families of cytokines and their receptors.
Abbreviations: IL: interleukin, G-CSF: granulocyte colony stimulating factor,
GM-CSF: granulocyte macrophage colony stimulating factor, CNTF: ciliary
neurotrophic factor, OSM: oncostatin M, LIF: Leukemia inhibitory factor, Epo:
Erythropoetin, IFN: interferon, M-CSF: macrophage colony stimulating factor,
EGF: Epidermal growth factor, TGF: transforming growth factor, FGF: fibroblast
growth factor, TNF: tumour necrosis factor, LT: lymphotoxin, NGF: nerve
growth factor, PDGF: platelet derived growth factor, VEGF: vascular
endothelial growth factor, MIP: macrophage imflammatory protein, PF: platelet
factor, PBP: platelet basic protein, MCP: monocyte chemoattractant protein.
Cytokines in bold are important in B cell growth and differentiation. Taken from
Callard and Gearing, 1994.

42
These receptors are characterised by two domains:

1; A cytokine receptor domain of approximately 100 aa containing four cysteine
residues in the sequence Cys-X(9-10)-Cys-X-Trp-X(26-32)-Cys-X(10-15)-Cys.

2: An FN III domain containing the WSXWS motif (Trp-Ser-X-Trp-Ser), which is
vital for receptor function and were originally thought to function as the main
ligand binding site in these receptors, although other sites important in binding
have now been found in many of the receptors (Miyazaki et al., 1991).

All of the receptors consist of heterodimeric combinations of 2 or more
chains, and some of these chains are shared between several members of the
family.
The CKR-SF class II family (IFN-R superfamily) includes receptors for
IL-10 and IFN’s a, p and y (Bazan, 1990a). The receptors consist of repeats of
the two FN III domains described above, one containing two conserved
tryptophan residues and a conserved cysteine pair, and the other containing a
another conserved cysteine pair which forms a characteristic disulphide loop
(Bazan, 1995). This is arranged singly in the case of the IL-10 and IFNy
receptors or repeated in the case of the IFNa and IFNp receptors. The class II
receptors do not contain the WSXWS motif characteristic of class I receptors.
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1.4.2. FUNCTION OF CYTOKINES IN B CELL DIFFERENTIATION.
Cytokines involved in antigen dependent B cell maturation are
summarised in figure 1.2. Activated T cells secrete IL-2, IL-4 and IL-13, which
in turn activate the B cell, as measured by increase in surface activation
markers such as CD23 and IgM (Shields et al., 1989; Punnonen et al., 1993a;
Defrance et al., 1994). Further stimulation through the antigen receptor in the
presence of IL-2, IL-4, IL-10 or IL-13 induces B cell proliferation and
subsequent differentiation into an antibody forming cell (Callard and Smith,
1988; Calvert et al., 1990). The classes and subclasses of antibody produced
are dependent on the cytokines used to stimulate the response. IL-2, IL-10,
IFNa and IFNy cause high level secretion of IgM (Callard and Smith, 1988;
Calvert et al., 1990; Flores-Romo et al., 1990b). If IL-4 and IL-13 are added,
the B cells can be induced to undergo heavy chain switching and secretion of
IgG and IgE (Ishizaka et al., 1990; Gascan et al., 1991a; Punnonen and de
Vries, 1994). IL-10 has been reported to enhance antibody secretion of all
classes by pre-switched cells, but can also cause switching to IgA, IgGI and
lgG3 (Rousset et al., 1992).
In these ways, cytokines control the immune response to various
antigens, and preferentially stimulate production of antibodies of the class or
subclass most effective for clearance of the antigen. Most of the cytokines
important in B cell development are produced by Th cells, thus providing
another means of interaction between the two types of lymphocyte. The effects
of three such cytokines, IL-2, IL-4 and IL-13 form the basis of this project, and
will be discussed in greater detail in the next sections.
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Figure 1.2. Effects of cytokines on B cell growth and differentiation.
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1.5. INTERLEUKIN-2
1.5.1. GENE AND PROTEIN STRUCTURE.
IL-2 is a 133 amino acid protein which is a member of the 4 a helix
bundle family of cytokines (Taniguchi et al., 1983; Callard and Gearing, 1994).
The protein is glycosylated to give a product with a molecular weight of
15-20KDa, but this glycosylation is not required for binding to the receptor or
for function. The gene for IL-2 is found on chromosome 4q26-27. IL-2 is
secreted by activated CD4^ and CD8* T cells.

1.5.2. B CELL RESPONSES TO IL-2.
IL-2 was first defined as a T cell growth factor, but has since been
shown to stimulate B cell growth and differentiation (Nakagawa et al., 1985;
Nakagawa et al., 1986). B cells preactivated with SAC, Phorbol mystirate
acetate (PMA) or anti-IgM proliferate in response to IL-2 but the response is
early and IL-2 loses efficacy if added to the cells much later than three days
into the culture period (Mingari et al., 1985; Jelinek et al., 1986; Nakagawa et
al., 1988). IL-2 is also a differentiation factor for B cells. It can stimulate IgM
and IgG secretion in SAC, lipopolysaccharide (LPS) or PMA / ConA activated
human cells (Sauerwein et al., 1985; Jelinek et al., 1986). There is no evidence
that IL-2 can cause class switching or preferentially induce secretion of specific
antibody subclasses, and it is more likely that antibody production is increased
in preswitched cells. IL-2 can also act as a T cell replacing factor in the specific
antibody response to influenza virus, inducing IgM and IgG production, but will
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only act on activated B cells (Callard and Smith, 1988). This might indicate that
a functional receptor is only present after B cell activation, and there is
evidence that IL-2 binding to B cells is increased on activation (Mittler et al.,
1985; Saiki et al., 1988). IL-4, which is an activator of B cells, can enhance
expression of Tac, one of the chains of the IL-2 receptor (Mingari et al., 1985).

1.5.3. RECEPTOR FOR IL-2.
The IL-2 receptor (IL-2R) is found on B cells, T cells, natural killer cells,
monocytes and macrophages (Minami et al., 1993; Morelia et al., 1995). The
high affinity IL-2R (Kd 1.3x10'^^) is composed of three chains, the a chain (Tac,
CD25) of molecular weight 55KDa, the p chain (p75, GDI 22) of molecular
weight 75-80KDa and the common y chain (yc chain) which has a molecular
weight of 65KDa (Takeshita et al., 1992; Minami et al., 1993). The schematic
structure of the receptor is shown in figure 1.3. The a and p chains are able to
bind IL-2 (K<ja 1.4x10'®, p 1.2x10'^), but the y chain alone is not. Intermediate
affinity IL-2R (Kd 10'®) are formed by ot/y or p/y dimers (Callard and Gearing,
1994). IL-2Ra shows homology to the binding chain of the IL-15 receptor and to
the complement control protein, and IL-2R p and y chains are both members of
the cytokine receptor superfamily (Bazan, 1990a; Giri et al., 1994; Callard and
Gearing, 1994). The IL-2RP chain with the yc chain also form components of the
IL-15 receptor with an IL-15 binding chain (Giri et al., 1994).
The IL-2Ry chain has now been termed the common y chain (yc) since it
also forms part of the receptors for IL-4, IL-7 and IL-9 as well as IL-2 and IL-15
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Figure 1.3. Structure of the IL-2 receptor.
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(Russell et al., 1993; Noguchi et al., 1993a; Giri et al., 1994; Kimura et al.,
1995). The gene for the yc chain is defective in the disease X-linked Severe
Combined Immunodeficiency (X-SCID) (Noguchi et al., 1993b; Leonard, 1994).
Although the yc chain is not vital for binding to IL-2, it has been shown that high
affinity binding sites for IL-2 are lost in patients with X-SCID (DiSanto et al.,
1994). The yc chain is required for IL-2 function, since IL-2 cannot induce B
cells from patients with X-SCID to proliferate or secrete antibodies (Matthews et
al., 1995). Transfection studies also show that heterodimerisation of the
cytoplasmic regions of the p and y chains is required for signalling through the
IL-2 receptor emphasising the importance of both of these chains in the
receptor complex (Nelson et al., 1994; Nakamura et al., 1994). In contrast,
responses to IL-2 in the absence of the yc chain have been shown in embryonic
fibroblasts (Plaisance, 1995). These cells do not express the yc chain, but can
still increase surface expression of ICAM-1 and ICAM-2 in response to IL-2.

1.5.4. SIGNAL TRANSDUCTION THROUGH THE IL-2 RECEPTOR.
The first step necessary for IL-2 signalling is the heterodimerization of
the p and y receptor components. It has been shown that dimerization of IL-2RP
and y cytoplasmic regions is both necessary and sufficient to cause signalling
and cellular proliferation (Nelson et al., 1994; Nakamura et al., 1994). The IL2R complex then recruits multiple tyrosine kinases, including p56lck and p59fyn
of the src kinase family, syk PTK, and JAK-1 and JAK-3 of the Janus kinase
family (Witthuhn et al., 1994; Minami and Taniguchi, 1995; Musso et al., 1995).
The cytoplasmic domain of IL-2RP couples specifically with Ick, syk and JAK-1,
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whereas the yc is associated with JAK-3 (Dokter et al., 1994; Miyazaki et al.,
1994; Russell et al., 1994). Signalling through JAKs usually results in the
activation of a range of STAT (Signal Transducer and Activator of
Transcription) proteins, which are also transcription factors. A novel member of
this family, STATS, is activated by IL-2 in peripheral blood lymphocytes and YT
cells (Hou et al., 1995).
An adaptor protein, she, is phosphorylated on tyrosine in response to
IL-2 (Welham et al., 1994a). This then binds to another adaptor, Grb2, causing
association of this with the receptor and subsequent activation of the mitogen
activated protein kinase (MAP kinase) pathway, commonly associated with
growth signal transduction. Increased activity of MAP kinase and raf is seen
after stimulation with IL-2 in some cells (Welham et al., 1994a). Another
protein commonly involved in signals which increase cell proliferation is
phosphatidyl inositol-3-kinase (PI-3-K), which is also activated in response to
IL-2 (Gold et al., 1994). The final result of these signals is to activate the
transcription factors fos, jun, and myc. These then transcribe a range of genes
which are ultimately responsible for the functional effects on cells observed
after IL-2 signalling (Minami et al., 1994; Heckford et al., 1986).
IL-2 has no effects on PIP 2 hydrolysis in most cell types tested (Cushley
and Harnett, 1993). Two reports also show that protein kinase C, which is
activated in response to IP3 and calcium, is not required for IL-2 dependent T
cell proliferation (Valge et al., 1988; Lassila et al., 1988). IL-2 has been
reported to affect other phosphoinositide species, including
glycosylphosphatidylinostiol (Eardley and Koshland, 1990). In an unusual lipid
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signalling pathway, a form of glycosyl phosphatidylinositol is broken down to
myristylated diacylglycerol (DAG) and inositol phosphate glycan (IP-glycan).
The function of the myristylated DAG is unknown, but the IP-glycan can
mediate some of the effects of insulin in certain cell types. This pathway has
been identified in response to IL-2 in BCL cells, but the downstream effects of
the lipids on these cells were not discussed (Eardley and Koshland, 1990).
IL-2 has been reported to increase levels of cAMP in some cell types,
but not in B cells (Tigges et al., 1989; Rigley and Harnett, 1990). There is some
evidence that in B cells, generation of cAMP can inhibit IL-2 signalling.
Experiments carried out using murine B cells showed that addition of dibutyryl
cAMP to the cells could inhibit IL-2 induced proliferation of these cells
(Vazquez et al., 1991b). Since B cells can generate cAMP in response to IL-4,
this was proposed as a possible mechanism for IL-4 inhibition of B cell
responses to IL-2. Similar experiments in human T cell lines showed that
increased intracellular cAMP could block activation of PKC in response to IL-2,
but had no effects on proliferation of the cells, indicating that PKC was not
essential for IL-2 induced proliferation in human T cells (Friedrich et al., 1989).

1.6. INTERLEUKIN-4
1.6.1. GENE AND PROTEIN STRUCTURE.
IL-4 is a member of the 4a helix bundle family of cytokines (Callard and
Gearing, 1994). It is a glycoprotein of 15-19KDa, but as with IL-2, glycosylation
is not necessary for the binding or function of the molecule (Mazzei et al.,
1995). The gene for IL-4 is found on chromosome 5q31-1. The genes for other
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cytokines of the same family including IL-3, IL-5, IL-9, IL-13 and GM-CSF are
also found at the same region (Yokota et al., 1986; Aral et al., 1989). A
schematic diagram of chromosome region 5q is shown in figure 1.4. The human
IL-4 gene has strong homology with murine IL-4, and limited homology to
human and murine IL-13 (Noma et al., 1986; Lee et al., 1986; Minty et al.,
1993).
Structural analysis of IL-4 (X-ray diffraction of crystals and n.m.r.
spectroscopy in solution) has revealed 4 a-helical regions (designated A-D)
connected by two regions of two stranded p-pleated sheet (Powers et al.,
1992b; Powers et al., 1992a; Redfield et al., 1994, figure 1.5.). This secondary
structure is linked by loops of random structure, and shields a predominantly
hydrophobic core (Walter et al., 1992). The molecule also contains 3 disulphide
bonds which are necessary for structural integrity and biological activity (Kruse
et al., 1991). IL-4 has significant structural homology to IL-2 and IL-13 as well
as GM-CSF, M-CSF and growth hormone (Denesyuk et al., 1994).

1.6.2. B CELL RESPONSES TO IL-4.
IL-4 is a pleiotrophic cytokine derived from T
cells and mast cells. It has biological activity on a range of cells involved in
immune responses, including B cells, T cells, monocytes, endothelial cells and
fibroblasts, (reviewed in Banchereau, 1994). The biological activities of IL-4 are
illustrated infigurel.7.
IL-4 acts on human and murine B cells at various stages of antigen
independent and antigen dependent maturation. It has been shown to stimulate
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Figure 1.5. Structure of IL-4.
Residues marked are important for binding to the IL-4 receptor (see chapter 4).
From Kruse et al., 1993.

r\

R88

R121

Y124
S125

54

Figure 1.6. Effects of IL-4 on cells involved in the immune response
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proliferation of human B cells and rescue neonatal B cells from cell death
induced by hypercrosslinking IgM (Brines and Klaus, 1991). Experiments using
human cells have shown that in the presence of IL-4, bone marrow pre-B cells
can differentiate into antibody secreting cells (Punnonen et al., 1993b). This
occurs in the absence of any other growth factors, underlining the importance
of IL-4 in B cell development. When IL-4 is added to B-CLL cell lines (which
have the phenotype of immature B cells), the cells enter a stage of growth
arrest (Panayiotidis et al., 1993).The addition of IL-4 protects the same cells
from apoptosis, indicating a differential role in the regulation of B-CLL cells.
Addition of IL-4 to mature murine and human B cells causes activation
of the cells, measured by increases in cell volume and in surface expression of
activation markers, including MHO II, surface IgM and CD23. IL-4 can increase
expression of all of these markers, as well as CD40 and B7-1/CD80 (Shields et
al., 1989; Rigley et al., 1991). IL-4 also induces activated B cells to produce IL6 and TNF, both of which have important roles in the activation and clonal
expansion of T cells (Banchereau, 1994).
Following activation, IL-4 can enhance short term proliferation of B cells
previously stimulated through the antigen receptor (using antigen or
insolubilized antibodies to IgM) or SAC, a polyclonal activator of B cells
(Defrance et al., 1987). Proliferation can also be stimulated using B cells
activated through CD40, in combination with IL-4 (Crawford and Catovsky,
1993). This can be achieved in a variety of ways, including the use of
crosslinking antibodies to the CD40 surface protein or soluble trimeric CD40L.
If antibodies to CD40 are presented on the surface of irradiated mouse
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fibroblasts transfected with the Fcyll receptor (L cells), long term proliferation of
the B cells can be maintained for up to 50 cell divisions in the presence of IL-4
(Banchereau et al., 1991; Banchereau and Rousset, 1991). The cells which
form this long term proliferating pool are all lgD*/lglVI*, even when IgD' cells are
selected initially (Galibert et al., 1994).
IL-4 can also induce antibody secretion in human and murine B cells.
IL-4 alone increases secretion of IgM, lgG I-3 and in some cases IgA in
unstimulated B cells (Flores-Romo et al., 1990b; Or et al., 1994). Preactivation
of B cells with IgM or SAC followed by addition of IL-4 causes increased
secretion of IgM over that obtained with IL-4 alone (Defrance et al., 1988;
Phillips and Klaus, 1992). However, if anti-IgM is left in the cultures, and IL-4 is
added, secretion of IgM is reduced compared to that obtained with IL-4 alone
(Phillips and Klaus, 1992). If the cells are incubated with IL-4 in the presence of
CD4* T cells (as a source of CD40L), mature human IgM* or IgD* B cells will
undergo class switching to IgE and lgG4 (Ishizaka et al., 1990; Gascan et al.,
1991a; Or et al., 1994). Under the same circumstances, murine B cells will
switch to IgE and IgGI (Bergstedt-Lindqvist et al., 1988). Switching to IgE and
lgG4 in human cells has also been reported on addition of IL-4 to splenic B
cells cultured with PMA in the presence of murine EL4 cells (Lundgren et al.,
1989). When human B cells are activated with Epstein Barr Virus, low doses of
IL-4 (2-5U/ml) induce production of subclasses IgM, IgA and Ig G I-3 (Kotowicz
and Callard, 1993). If the dose of IL-4 is increased to lOOU/ml, production of
these subclasses is switched off and instead, the B cells secrete lgG4 and IgE
(Kotowicz and Callard, 1993). In the specific antibody response to influenza
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virus in the presence of T cells (or a T cell replacing factor such as IL-2), IL-4
inhibits secretion of antibodies of any class (Callard et al., 1991 ). This shows
that IL-4 does not regulate class switching in the secondary antibody response
and indicates a complex role for IL-4 in the regulation of B cell antibody
secretion.
Studies have been designed to prove that immunoglobulin heavy chain
class switching is occurring in response to IL-4, rather than expansion of
already switched cells. Limiting dilution analysis of murine B cells with IL-4
revealed a high number of IgE secreting B cell clones (Bergstedt-Lindqvist et
al., 1988). Experiments looking at excised switch circles have demonstrated
that this switching occurs in three distinct patterns, directly from p to s, from p
to Y and then to s and also from p to a and then to e (Zhang et al., 1994). IL-4
alone can cause germline transcription of Ce, but to obtain VDJ recombination
and production of IgE, additional stimulation through CD40 is required. When
human IgD* or IgM* cells are selected and cultured with IL-4 and anti-CD40
presented on L cells, IgE production can be stimulated, clearly indicating that
an isotype switch has occurred (Galibert et al., 1994).
Since IgE is the main subclass of antibody produced in an allergic
response, IL-4 has been implicated in controlling allergic responses.
Mononuclear cells from atopic patients show an increased capacity to produce
IL-4 (Banchereau, 1994). Linkage analysis of serum IgE concentration and
markers on chromosome 5q31-1 has suggested that IL-4 or a gene close on
the chromosome (perhaps IL-13) regulates IgE production in a non-antigen
specific fashion (Marsh et al., 1994).
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1.6.3. RECEPTORS FOR IL-4
The IL-4 receptor is a complex of at least 2 receptor chains, the IL-4
binding chain, IL-4Ra ( also known as p140 or CDw124) and the yc chain, first
described as a component of the IL-2 receptor (Galizzi et al., 1990; Idzerda et
al., 1990; Russell et al., 1993). The receptor is represented diagrammatically in
figure 1.6. IL-4Ra has a high affinity for IL-4 (Kd = 10'^°) and is a member of the
cytokine receptor superfamily, containing the two consensus domains
described in section 1.3.1 (Bazan, 1990a). The cytoplasmic domain contains
Serine/Proline rich regions similar to those present in the IL-2Rp chain. The
extracellular domain contains several consensus sequences for glycosylation,
although glycosylation is not required for ligand binding (Rajan et al., 1995).
The IL-4Ra chain forms a 1:1 complex with IL-4, measured by the size of the
complex on a polyacrylamide gel (Hoffman et al., 1994).
As described previously, the yc chain is also a member of the cytokine
receptor superfamily, but has a much smaller intracellular domain than either
IL-4Ra or IL-2Rp. The yc chain enhances the affinity of the receptor for IL-4 by
approximately 3 times (Russell et al., 1993). IL-4 receptors are found in low
numbers on pre-B cells and resting B cells and T cells and high numbers of
receptors can be expressed on activation of B and T cells (Foxwell et al., 1989;
Zuber et al., 1990). Receptor expression depends on the the method of
stimulation, since all B cells activated using IgM express high levels of IL-4Ra
but when SAC is used, only a small population of cells express high levels of
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Figure 1.7: Structure of IL-4 receptor components.
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IL-4Ra (Zuber et al., 1990). Human and murine IL-4 receptors are also present
on haemopoetic progenitor cells, mast cells, macrophages, myeloid cells,
endothelial cells, epithelial cells, fibroblasts, muscle cells, neuroblasts, brain
stroma and bone marrow stroma ( Park et al., 1987; Ohara and Paul, 1987;
Lowenthal et al., 1995).
Low affinity IL-4 binding sites have also been identified on pre-B cells
and mature B cells (Foxwell et al., 1989; Fanslow et al., 1993). On mature B
cells, both high affinity

(K d

= 30-1 OOpM) and low affinity

(K d

= 30nM) binding

sites can be identified (Foxwell et al., 1989). Crosslinking studies reveal three
proteins of 110-130, 75-80 and 65-70 KDa (Zuber et al., 1990). The 130KDa
protein is probably the IL-4Ra chain and the 65-70KDa protein the yc chain, but
the other protein is unidentified. In a pre-B cell line, JM-1, only one protein at
75-80 KDa can be identified as binding to IL-4 (Fanslow et al., 1993). This has
been partially sequenced, and shares no homology with any known protein.
This provides evidence for a functional low affinity IL-4 receptor, since IL-4
inhibits the proliferation of JM-1 cells (Fanslow et al., 1993).

1.6.4. SIGNAL TRANSDUCTION THROUGH THE IL-4 RECEPTOR.
IL-4 was first reported to induce tyrosine phosphorylation of a low
molecular weight species of approximately 40KDa in mouse and human cells
after stimulation with IL-4 (McGarvie and Cushley, 1989; Finney et al., 1991;
Kirken et al., 1994). Other early reports indicated phosphorylation of 140KDa
and 170KDa proteins in IL-3 dependent mouse cell lines (Wang et al., 1992;
Wang et al., 1993). The 140KDa protein was subsequently shown to be the
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IL-4 binding chain of the receptor, IL-4Ra (Weiham et a!., 1995). The 170KDa
substrate was identified as 4PS (IL-4 phosphorylated substrate), a
phosphoprotein similar to insulin related substrate-1 (IRS-1), which is
phosphorylated in response to insulin and insulin related growth factor (Wang
et al., 1993). 4PS has now been cloned and renamed IRS-2 (Sun et al., 1995).
It has also been demonstrated that IL-4 can also cause phosphorylation of
IRS-1 in murine FDC-P1 and FDC-P2 cell lines. The interaction of 1RS with the
IL-4Ra chain is mediated by a region of the receptor containing an insulin
receptor motif (Keegan et al., 1994). This is within a region which is required
for cell growth in response to IL-4 and implies that IRS-1 or IRS-2 is required
for IL-4 dependent proliferation (Koettnitz and Kalthoff, 1993; Leder and Seldin,
1994; Deutsch et al., 1995).
IRS-1 and IRS-2 interact with phosphatidylinositol-3-kinase (PI-3-K)
which is an enzyme involved in phosphoinositide metabolism and implicated in
cellular control via a wide range of stimuli. Stimulation of cells with IL-4
increases the in vitro PI-3-K activity, and an increase in activity is also
demonstrable in cells (Gold et al., 1994). PI-3-K appears to interact with
tyrosine-phosphorylated IRS-2, which must in some other way increase the
activity (Weiham et al., 1995). PI-3-K can then cause phosphorylation of a
range of phospholipids of the inositol family but the activity of the products has
yet to be defined (reviewed in Panayotou and Waterfield, 1992).
IL-4 activates members of the JAK family (Just Another Kinase or Janus
Kinase) including JAK-1 and JAK-3. Phosphorylation of L-JAK or JAK-3 can be
seen in YT and CTLL T cells, M 07e and TF-1 myeloid cell lines and in
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activated human moncytes (Garrett et al., 1992; Powers et al., 1993; Witthuhn
et al., 1994). Levels of JAK-3 protein expression could also be increased in
resting human monocytes. JAK-3 is a protein tyrosine kinase with a molecular
weight of 120-125KDa initially cloned from natural killer (NK) cells and
subsequently found to be leukocyte specific (Nakamura et al., 1994). The
kinase is known to be associated with the Yc chain and is phosphorylated on
tyrosine residues in response to IL-2, IL-4 and IL-7 (Powers et al., 1993).
Mutation studies have revealed a cytoplasmic region of the IL-4Ra chain which
is also important in activating JAK-3, although this is not a direct interaction,
since JAK-3 does not bind to the IL-4Ra chain. Phosphorylated JAK-3 is
activated as shown by in vitro kinase activity and is then able to phosphorylate
other cellular substrates, either cytoplasmic or nuclear, often including
members of the STAT family.
JAK-1, another member of the same family, is also phosphorylated and
activated in response to IL-2 and IL-4, although this has been associated with
the IL-2p chain (Bazan, 1990b; Cohen et al., 1995). The IL-2P chain is not a
component of the IL-4 receptor but is homologous to the IL-4Ra chain. This
suggests that JAK-1 may associate with the IL-4Ra chain. Levels of JAK-3
phosphorylation in response to IL-4 are always greater than JAK-1, and some
cell types exclusively activate JAK-3, so JAK-1 may be less important in IL-4
signalling (Malabarba et al., 1995).
The interaction of another protein tyrosine kinase, fes (Mr 92KDa), with
the IL-4 receptor has been described in the mouse cell lines HT2 and CTLL2
(Izuhara et al., 1994). This protein is phosphorylated on tyrosine in response to
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IL-4 stimulation and is also found in association with the IL-4Ra chain. The
cellular substrates of fes are unknown, and the kinase or kinases which can
cause its phosphorylation are also as yet unidentified. IL-4 can also cause
activation of fyn kinase, another non-receptor tyrosine kinase (Ikizawa et al.,
1994). Stimulation of DND39 B cells with IL-4 caused autophosphorylation of
fyn and also enhanced its in vitro kinase activity.
Further cytoplasmic phosphorylation events in response to IL-4 are not
clearly defined. IL-4 cannot activate ras, MAP kinases, or early response
kinases (ERKs), which constitute one of the common mechanisms of signal
transduction from the receptor at the membrane to the transcription factors in
the nucleus (Weiham et al., 1994b; Duronio et al., 1992). This is in contrast to
insulin, which can activate this signalling pathway via the association of
GRB2/S0S with IRS-1 and the subsequent recruitment of she (Weiham et al.,
1994a). In response to IL-4 signalling, Grb2/Sos can associate with 1RS but she
is prevented from joining the complex and the ras-MAP kinase pathway is not
activated. One possible explanation for this is that IRS-1 is associated with
signalling via the insulin receptor in cells and is able to activate the MAP kinase
pathway, but IRS-2, associated with IL-4 signalling in cells, is unable to activate
MAP kinases.
The final result of these pathways is gene transcription via activation of
nuclear transcription factors. The transcription factors most commonly
associated with JAK kinases are STATs. A transcription factor designated IL-4
STAT has been described (Hou et al., 1994). This has now been designated
STAT 6 (Quelle et al., 1995). STAT 6 binds directly in vitro to phosphotyrosine
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containing proteins derived from the IL-4Ra chain, which suggests a direct
interaction between IL-4Ra and IL-4 STAT. The interaction between STAT 6
and the IL-4Ra chain allows the JAK kinases, also associated with the
receptor, to phosphorylate STAT 6 (Quelle et al., 1995). The active form of
STAT 6 is then translocated to the nucleus and can regulate transcription.
IL-4 stimulation has also been shown to cause activation of IL-4 nuclear
activating factor (IL-4 NAF) and STF-IL-4, both STAT related proteins
(Kotanides and Reich, 1993; Schindler et al., 1994). IL-4 NAF (or NF-IL-4 from
Kohler and Rieber, 1993; Kohler et al., 1994) was identified by its ability to bind
promoter elements in IL-4 responsive genes, including MHC Ep and DRa,
FcsRII and FceRI, and murine immunoglobulin Cyl and Ce. STF-IL-4 was
identified by its ability to bind the GAS element in the IFNy promoter and an
unrelated sequence in the Ige promoter (Schindler et al., 1994). STAT 6 and
STF.IL-4 share many characteristics and may be identical. They are both
tyrosine phosphorylated and activated within 5 minutes, as measured by DMA
binding. Activation of both requires tyrosine phosphorylation of an unidentified
cytoplasmic factor. Treatment with insulin did not activate either factor,
indicating that IRS-2/IRS-1 may not be participating in this part of the pathway.
Another transcription factor activated by IL-4 is c-fos. Both activation and
transcription of fos in response to IL-4 along with one other early response
gene, 1R20, was demonstrated in tonsil B cells (Murphy and Norton, 1993). It is
not yet known whether the range of transcription factors described are
phosphorylated by the kinases already identified or by others which have yet to
be discovered. It is likely that the second messenger pathways will also have a
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role to play in activation of cytoplasmic and nuclear signals, and transcription of
genes in response to IL-4.
Other common signalling pathways in cells use low molecular weight
second messengers, such as IP3 and calcium. The second messenger
signalling pathway utilising IP3 and calcium has been well defined, and is
summarised in figure 1.8 (for review see Kohler et al., 1994). Studies with
resting human tonsillar B cells from 3 labs demonstrated a transient IP3 release
in response to high concentrations of IL-4 (Finney et al., 1990). In some cases
the increase in IP3 led to an increase in intracellular calcium, although this
effect was not always reproducible (Finney et al., 1991). When observed, the
calcium release in response to IL-4 was also transient, indicating that it
probably originated from intracellular stores and that entry of extracellular
calcium was not stimulated. No increases in IP3 or calcium could be seen when
murine cells were stimulated with IL-4 (Finney et al., 1991; Cushley and
Harnett, 1993). IL-4 activation of a human Burkitts lymphoma cell line, DND39,
indicated a biphasic IP3 signal with no subsequent increase in calcium (Ikizawa
et al., 1994).
Tyrosine kinase inhibitors, such as herbimycin A, inhibited the IL-4
stimulated IP3 release, suggesting that one of the phosphotyrosine activated
isoforms of PLC (the PLCy class) may be responsible for the increases in IP3
(Ikizawa et al., 1994). Subsequently, PLCyi was found associated with
anti-phosphotyrosine immunoprecipitates after IL-4 activation, although its
intrinsic tyrosine phosphorylation was not increased. This indicates that PLCy
forms a complex with a tyrosine phosphorylated protein after IL-4 stimulation.
IP3 and DAG, released by hydrolysis of PIP2, have a variety of effects in
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Figure 1.8. Second messenger signalling pathway through IP 3 and DAG.
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differing cell types, including activation of protein kinase C (PKC). In
monocytes stimulated with IL-4, whole cell PKC activity is decreased, but the
active form is translocated to the nucleus, where it can phosphorylate a range
of transcription factors and other proteins (Arruda and Ho, 1992). Inhibitors of
PKC, including staurosporine and RO-31-8220, block IL-4 induction of surface
CD23 and IgE production, consistent with PKC mediated effects of IL-4 (Arruda
and Ho, 1992).
An alternative second messenger signalling pathway involves
generation of cAMP by the action of adenylate cyclase on adenosine
triphosphate (ATP), shown in figure 1.9. When human tonsillar B cells are
stimulated with IL-4, a delayed increase in cAMP which peaks at 5-10 minutes
and decays by 25-30 minutes, can be observed (Finney et al., 1990). This
effect has not been found in murine cells (Mizuguchi et al., 1986; Kirken et al.,
1994). The cAMP increase in human cells is dependent on calcium release,
since the increase can be inhibited by the presence of a calcium chelator,
BAPTA (Rigley et al., 1991). The requirement for calcium suggests that the
effects of IL-4 might be mediated through a calmodulin dependent form of
adenylate cyclase, but no direct evidence for this is available.
A signal other than DAG and calcium must also be required for cAMP
generation, since the addition of phorbol dibutyrate (PDBu) to activate PKC in
the absence of DAG and ionomycin to cause calcium release does not result in
the subsequent increase in cAMP (Rigley et al., 1991). The nature of the
additional signal is unknown, but could be due to tyrosine phosphorylation
since tyrphostin, which is a non-specific tyrosine kinase inhibitor, can inhibit the
generation of cAMP via IL-4.

Figure 1.9. Second messenger signalling via the cAMP pathway.
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Pharmacological studies have demonstrated the requirement for both IP3
and cAMP for some of the functional effects attributed to IL-4. Mimickry of the
second messenger pathways through PLC and adenylate cyclase by addition of
PDBu and ionomycin followed 10 minutes later by addition of dibutyryl cAMP
(an analogue of cAMP which can cross the cell membrane) increased
expression of surface CD23 and secretion of the soluble form of the molecule
(Rigley et al., 1991). This combination of signals did not increase surface IgM,
suggesting that further signals are required to fully activate all the possible IL-4
pathways. This finding is evidence for the presence of two IL-4 receptors in B
cells (Rigley et al., 1991).

1,7. INTERLEUKIN 13,
1.7,1. GENE AND PROTEIN STRUCTURE.
Mouse p600 (IL-13) was isolated as an induction specific cDNA from the
C1.Ly-1‘"2V9 T cell line (Brown et al., 1989). Human IL-13 was subsequently
cloned by 3 groups, using probes homologous to p600, by differential
screening of activated T cells and using the linked IL-4 and IL-5 genes (Minty
et al., 1993; McKenzie et al., 1993a; Zurawski and de Vries, 1994). The gene is
located at 5q31-1, upstream of IL-4 and probably within SOkb (see figure 1.5). It
contains four exons and three introns, a gene structure it shares with GM-CSF,
IL-4 and IL-5.
Human IL-13 has 132 aminoacids and is 58% homologous to mouse
pBOO (McKenzie et al., 1993b). It also shows low homology to IL-4 (30%), and
important residues appear conserved between IL-4 and IL-13, especially the

70
first and last a helical regions, which are required for IL-4 function (Minty et al.,
1993). Most of the insertion/deletion differences between IL-4 and IL-13 are
present in the loops between the four a-helices and the two p strands in IL-4.
Circular dicroism studies have shown IL-13, like IL-4, to be a highly a-helical
molecule and computer modelling has defined a structure for IL-13 which is
very similar to the structure of IL-4 (Bamborough et al., 1994a).

1.7.2. B CELL RESPONSES TO IL-13.
IL-13 is another cytokine produced by helper T cells which has profound
effects on B cells. Both CD4* and CD8^ cells can secrete IL-13 and
experiments using T cell clones have shown that IL-13 production occurs very
soon after stimulation, peaking at 2 hours after activation but is still detectable
up to 72 hours later (Zurawski and de Vries, 1994). This is in contrast to
production of IL-4 by the same cells, which occurs later and is more transient,
with levels returning to background 24 hours after stimulation (Banchereau,
1994). IL-13, like IL-4, is also produced by mast cells (Burd et al., 1995).
IL-13 shares many of the effects of IL-4 on on B cells and monocytes. In
monocytes, both cytokines are able to alter the morphology of the cells and
cause increased adherence, probably by increasing expression of integrins
such as C D IIb , GDI 1c, GDI 8, and GD49e, and inducing expression of other
members of the family (de Waal Malefyt et al., 1993). IL-4 and IL-13 also
increase expression of MHG II and GD23 on monocytes (de Waal Malefyt et al.,
1993).
Both cytokines can also inhibit the production of iproinflammatory
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cytokines including IFNy and IL-12 from monocytes when added at the same
time as various activation factors (Zurawski and de Vries, 1994; Banchereau,
1994). Reducing the production of these cytokines acts to suppress the
production of Thi cells and favour the production of Th2 cells (O'Andrea et al.,
1995). When the monocytes are preactivated for 18 hours with IL-4 or IL-13,
production of IFNy and IL-12 is enhanced, which complicates the potential roles
of IL-4 and IL-13 in regulating the switch from Thi to Th2 cells.
Many of the functions of IL-13 on human B cells are also shared with
IL-4. IL-13 can inhibit the proliferation of normal B cell precursors from the
bone marrow and BCLL cell lines with immature phenotypes (Renard et al.,
1994). IL-13 also activates mature B cells, increasing surface markers such as
CD23, IgM and MHC II (Punnonen et al., 1993a; Defrance et al., 1994). In all
cases, IL-13 is less potent than IL-4. In costimulation with anti-IgM, IL-13 can
stimulate activation and proliferation of mature B cells (McKenzie et al., 1993a).
Proliferation of mature and immature B cells can also be increased by
activation of the CD40 surface marker, using CD40L or antibodies to CD40
(Cocks et al., 1993; McKenzie et al., 1993a; Defrance et al., 1994; Punnonen
and de Vries, 1994). IL-13 can cooperate with IL-2 and IL-10 but not IL-4 to
further enhance proliferation of B cells activated through anti-IgM or anti-CD40
(Defrance et al., 1994).
IL-13 alone can cause antibody secretion by peripheral blood
mononuclear cells (PBMC) (Punnonen et al., 1993a). In costimulation with
CD4* T cells or cell free membrane preparations, IL-13 can also induce
antibody secretion by purified B cells (Punnonen et al., 1993a). The T cell
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dependent signal can also be mimicked by crosslinking the CD40 surface
antigen, either using antibodies or recombinant CD40L. IL-13 is also active in
antibody class switching. IL-4 was originally thought to be the only cytokine
capable of switching B cells to the production of lgG4 and IgE, but IL-13 has
now been shown to share this function (Cocks et al., 1993; Punnonen and de
Vries, 1994; Defrance et al., 1994). Serum levels of IgE have been linked to a
marker on the same chromosome as IL-4 and IL-13 (Marsh et al., 1994). Since
the two cyokines are very close together, it is not posible to say which cytokine
is dominant in inducing IgE. IL-13 as well as IL-4 can enhance the production
of IgM but not IgA by human B cells (Defrance et al., 1994). Experiments using
purified surface IgD^ cells have demonstrated that IL-13 is capable of switching
cells and not simply expanding a population of preswitched cells already
present (McKenzie et al., 1993a; Punnonen et al., 1993a). Neutralizing
antibodies to IL-4 do not affect IL-13 function in B cells, indicating that these
effects are IL-4-independent (Cocks et al., 1993; Punnonen et al., 1993a).
In contrast to results from human cells, murine B cells do not respond to
either murine or human IL-13 indicating a species difference between the
functions of IL-4 and IL-13 (Zurawski and de Vries, 1994). Another difference
between IL-4 and IL-13 is in their ability to activate T cells. IL-4 stimulates T
cell proliferation and differentiation, but IL-13 has no effects on human T cells,
either activated T cell blasts or CD4‘^ or CD8^ T cell clones (Zurawski and de
Vries, 1994). IL-13 also fails to block IL-4 induced proliferation in T cells,
indicating that it does not function as an antagonist of IL-4 activity (Zurawski
and de Vries, 1994).
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1.7.3. RECEPTOR FOR IL-13.
A human IL-13 binding protein has been identified in renal cell
carcinoma (ROC) cells and a murine IL-13 receptor has recently been cloned
(Obiri et al., 1995; Hilton et al. 1996). Both proteins have molecular weights of
approximately SSKDa. Several groups have now postulated a shared chain for
IL-4 and IL-13 receptors to explain their common functions. Experiments have
shown that IL-13 can partially block biotinylated IL-4 binding to its receptor in
TF-1 cells (Zurawski et al., 1993b). This was unexpected since IL-13 cannot
interfere with IL-4 binding to the IL-4Ra chain transfected into COS-7 cells. IL13 also fails to compete with IL-4 binding in SP-B21 cells, which respond to IL4 but not to IL-13 (Zurawski et al., 1993b).
A mutant IL-4 molecule, Y124D, has been shown to inhibit IL-4 induced
CD23 expression and IgE secretion in B cells and proliferation in T cells
(Averse at el., 1993; Zurawski at el., 1993b). Y124D also inhibits
proliferation and antibody production in B cells and proliferation of TF-1 cells in
response to IL-13, suggesting that a common chain is shared by the receptors
(Aversa et al., 1993; Zurawski et al., 1993b). Since IL-13 cannot bind to the
IL-4Ra chain, the common factor was presumed to be the yc chain which is
shared between the receptors for IL-2, IL-4, IL-7, IL-9 and IL-15 (Russell et al.,
1993; Gao et al., 1993; Noguchi et al., 1993a; Noguchi et al., 1993b; Giri et al.,
1994; Kimura et al., 1995). Although the IL-13 binding chain identified on
human ROC cells is approximately the same molecular weight as the yc chain, it
was not recognised by antibodies raised to the yc chain (Obiri et al., 1995).
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However, the RCC cells do not express the yc chain, so these results do not
exclude the possibility of involvement of the chain in the receptors for IL-13 on
other cell lines. The RCC cells respond to IL-13 by increasing expression of
ICAM-1, indicating that a functional IL-13 receptor is present in the absence of
the Yc. The presence of a functional IL-13 receptor was also shown in
experiments carried out with B cells from patients with X-SCID, which have a
mutation in the gene for the yc (Noguchi et al., 1993b; Leonard, 1994). B cells
from these patients proliferated normally in repsonse to IL-13, which is further
evidence for a functional IL-13 receptor in the absence of the yc chain
(Matthews et al., 1995).

1.7.4. SIGNAL TRANSDUCTION THROUGH THE IL-13
RECEPTOR.
Very little is known about the signalling pathways activated by IL-13.
Considering the proposed shared receptor chain between IL-4 and IL-13 and
the many common functions, some similarities would be expected.
Phosphorylation of the IL-4Ra chain occurs in response to signalling by IL-13
as well as IL-4, suggesting that this chain may be a non-binding component of
the IL-13 receptor (Smerz Bertling and DuschI, 1995). Expression of Isk, a src
related tyrosine kinase, is increased after culture with IL-13 as well as IL-4
(Musso et al., 1994). Lsk is related to csk, a tyrosine kinase which
phosphorylates negative regulatory sites on other tyrosine kinases such as src,
bik and fyn. Since this is a late event, not seen until 18 hours after stimulation
with IL-13, it does not provide any insight into early signalling events.
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IL-13 causes tyrosine phosphorylation and activation of two members of
the JAK family, JAK-1 and tyk-2, but not JAK-3 (Weiham et al., 1995). IL-13
also induces tyrosine phosphorylation of a 170KDa protein which is recognised
by antibodies to IRS-1 (Weiham et al., 1995). This activation does not lead to
association with she, grb-2 or sos, and the erk kinase/MAP kinase pathway is
not activated in response to IL-13.
One of the transcription factors which is activated in response to IL-4,
NF.IL-4 (which may be identical to STAT6 ), is also activated by IL-13 (Kohler et
al., 1994). NF.IL-4 is able to initiate transcription of the genes for IgE constant
chain and for MHC II, explaining the ability of IL-13 to increase expression of
the IgE and MHCII genes and protein products. Increases in NF.IL-4
expression in response to IL-13 have been reported in monocytes, which
respond to IL-13 and also in T cells which show no functional responses to
IL-13.
Transient increases of IP3 and calcium followed by sustained increases
in cAMP, can be triggered by IL-13 in monocytes (Sozzani et al., 1995). The
ability of IL-13 to activate this pathway in B cells has not been investigated.
Very little else is known about the early signalling events triggered in response
to IL-13 in B cells.

1.8, AIMS OF THE PROJECT.
IL-4 and IL-13 share many common effects in human B cells and
monocytes, but not in T cells or in murine cells. The similarities suggest a
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common receptor or receptor component, but the differences quite clearly
indicate unique effects of IL-4. The possible links between IL-4 and IL-13
receptors have been investigated through a study of the functional effects,
receptor interactions and signal transduction pathways activated by IL-4 and
IL-13 in human B cells. Common receptors or receptor components for IL-4 and
IL-13 have implications for the regulation of the immune system by these to
cytokines, particularly in allergy. The results obtained in the study have been
used to investigate the relationship between IL-4 and IL-13 activation of B cells
and elucidate the nature of the proposed shared receptor.
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CHAPTER 2.

MATERIALS AND METHODS
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2.1. REAGENTS, MEDIA AND BUFFERS
Details and addresses of suppliers can be found in Appendix I.

2.1.1. GENERAL REAGENTS.

Thymidine deoxyribonucleotide (^H TdR)
H inositol triphosphate (IP3)
cyclic adenosine monophosphate (cAMP) kit

Amersham TRA 120
Amersham TRK 999
Amersham TRK 432

BSA Fraction V

Sigma A4503

Foetal Calf Serum (FCS)

Gibco/Sigma

Forskolin

Calbiochem

Normal Rabbit Serum (MRS)

Dako

Gentamicin (40mg/ml)

Roussel

L-Glutamine (200nM)

Sigma G-7513

Preservative-free Heparin (1000U/ml)

CP Pharmaceuticals

Lymphocyte Separation Medium (Ficoll)

Pharmacia 17-0840-03

Penicillin/Streptomycin (1 OOU/ml)

Gibco 15140-023

Percoll

ICN Flow

Trypan Blue

ICN Flow 16-910-49

20% Sheep Blood in Alsevers

TCS SB068

Optiphase II Hisafe scintillation fluid

Wallac SC-9195-21

Polyoxyethylene sorbitan monolaurate (Tween 20)

Sigma P-1379

PBS tablets

Oxoid B R I4a

Molecular weight markers

Sigma SDS6H
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Rainbow Markers

Amersham RPN 756

Electrochemiluminescence (ECL) reagents

Amersham RPN2106

Protogel (Polyacrylamide gel)

National Diagnostics
EC890

Biotin-XXX-N-hydroxysuccinamide (Biotin-XXX-

Calbiochem

NHS)

2.1.2. RECOMBINANT HUMAN CYTOKINES.

Cytokine

Source

Molecular weight

Specific activity

IL-2

Genzyme

ISKDa

4 U/ng

IL-4

Sterling drug company

15 KDa

1.8 U/ng

IL-13

A. Minty, Sanoffi Elf.

ISKDa

10 U/ng

Three mutant IL-4 proteins were used, Y124D, R121D/Y124D and
R88D, kindly provided by K.H. Friedrich, University of Wurzburg. The names
refer to the aminoacid present in wild-type IL-4, the position of the substitution
and the aminoacid present in the mutant form, in single letter codes.
One U/ml of IL-2 is defined as the concnentration required for half
maximal

TdR incorporation by CTLL cells. One hundred U/ml of IL-4 or IL-13

is defined as the concentration required to give maximum

TdR incorporation

by human tonsillar B cells in costimulation with anti-lgM. To allow comparisons
between the cytokines, all concentrations are expressed in nM, calculated
using the molecular weights shown above. One U/ml of IL-2 is approximately
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equal to 0.016nM, 100 U/ml of IL-4 is approximately equal to 0.4nM and 100
U/ml of IL-13 is approximately equal to 2nM.

2.1.3. ANTIBODIES.

Antibody

Clone

specificity

name

phosphotyrosine 4G10
mouse lgG2b

105p

Source

Type

Use

UBI

mouse IgGI

Western blotting

Serotec

HPO conjugated

Western blotting

rabbit Ig.
human GDI 9

BU12

N. Ling

mouse IgGI

tissue culture,
flow cytometry

human CD23

Bu28

The Binding PE conjugated

flow cytometry

Site
human IgM

Dako

FITC conjugated

flow cytometry

mouse IgG

Tago

FITC conjugated

flow cytometry

human IgM

Metachem

dextran conjugated

tissue culture

Diagnostics
human CD40

G28.5

E. Clark

mouse IgGI

tissue culture

human IL-4 Ra

s460

S. Saeland

mouse IgGI

tissue culture,

human IL-4 Ra

M57

R. Armitage mouse IgGI

tissue culture

human IL-4 R

JM1-P1

R. Armitage polyclonal rabbit

tissue culture

antiserum
human IgM

Cappel

TCS

Fab fragments

cell signalling
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2.1.4. MEDIA.
In order to maintain cells at pH 7.2 during preparation before culture, RPMI
1640 with L-glutamine but without NaHCOa (Gibco) was made up with the
addition of Hepes to a final concentration of 25mM and supplemented with 5%
FCS and SOpg/ml gentamycin (holding medium).
For tissue culture, RPM11640 with sodium bicarbonate, 25mM Hepes and Lglutamine (Gibco) was supplemented with 10% FCS, 50pg/ml gentamycin and
2mM L-glutamine where indicated.
For culture of mouse L cells, Iscoves Modified Dulbeccos Medium (IMDM) with
L-glutamine (Gibco) was supplemented with 10% FCS, 2mM L-glutamine,
50U/ml penicillin/streptomycin, and Hypoxanthine/Aminopterin/Thymidine
where indicated.
For preparation of samples for IP3 assay. Hanks Buffered Salt Solution (Gibco)
was supplemented with 0.04% BSA Fr V.

2.1.5. PREPARATION OF AET SHEEP RED BLOOD CELLS.
2-Aminoethylisothiourium bromide (AET) treated sheep red blood cells
(SRBC) were used for E rosette separation of T cells and B cells. To prepare
AET-SRBC, 12.5ml of 20% sheep red blood cells in Alsevers solution were
washed twice in sterile saline (0.14M NaCI) by centrifugation at 200g for 7
minutes and the buffy coat removed. AET solution was prepared immediately
before use by dissolving 40.2mg/ml of AET in water and adjusting to pH 9 with
3N NaOH. The solution was then filter sterilized using a 0.2pm filter. 2ml
packed SRBC pellet was incubated with 8 ml AET solution at 37®C for 15
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minutes. The SRBC were then washed five times in sterile saline and
resuspended to 10% in RPM11640 medium with no additions. The resulting
suspension was stored at 4®C for a maximum of four weeks before use.

2.1.6. PREPARATION OF PERCOLL DISCONTINUOUS DENSITY
GRADIENTS.
An iso-molar stock solution of Percoll was obtained by adding one
volume of lOx PBS to 9 volumes of Percoll (specific gravity 1.130). A diluent
was also prepared using RPMI holding medium supplemented with 10% FCS
and 50|ig/ml gentamycin. The specific gravities (SG) of the stock Percoll and
diluting medium was determined with a 10ml specific gravity bottle.
The actual SG of stock Percoll and diluent was calculated as follows:
SG = weight of 10ml solution to be measured
weight of 10ml water
The percentage of stock Percoll diluted in medium to give a required specific
gravity was calculated as follows:
% Percoll = [(SGrequired " SGdiluent ) / (SGpercoll " SGdiluent )] X 1 00

and checked using a weighing bottle.

2.1.7. BUFFERS.
Bicarbonate buffer for enzyme linked inmmunosorbent assay (ELISA).
0.159g NazHCOs and 0.293g NaHCOs were added to 100ml of ddHzO and the
pH adjusted to 9.6. For coating buffer, 0.02g NaNs was added to the final
solution.
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Phosphate Buffered Saline (Duibecco’s A, PBS)
PBS was made up to a 10x stock solution from tablets (Oxoid) and diluted 1:10
before use. 0.05% Tween 20 was added where indicated. Alternatively, B.Og
NaCI, 0.2g KOI, 1.15g NaHP 0 4 (anhydrous) and 0.2g KH2 PO4 were made up to
1 litre with double distilled water and the pH adjusted to 7.2. To sterilize for
tissue culture, this solution was autoclaved. Where indicated. Tween 20 (0.5ml)
was added to give a solution of 0.5% w/v.

Western Blotting buffer.
6.64g 3-[Cyclohexylamino]-1-propanesulphonic acid (CAPS) was added to 3
litres ddh20 for a final concentration of lOmM. The pH was adjusted to pH 11.0
using 3N NaOH.

Polyacrylamide gel electrophoresis (PAGE) running buffer.
144g glycine and 30.26g Tris were added to 1 litre ddH20 for a lOx stock
solution which was diluted 1:10 before use to give a final concentration of
25mM Tris, 192mM glycine. Sodium dodecyl sulphate (SDS) was added to a
final concentration of 0.1%.

PAGE sample buffer.
Laemmli sample buffer was prepared with modifications from Hudson & Hay.
12ml 10% SDS solution, 7ml glycerol and 2ml 1M TrisHCI were mixed with
Coomassie blue and the volume was made up to 27ml with ddH20. For reducing

84
buffer, 3% 2-mercaptoethanol was added immediately before use.

FPLC (Fast protein liquid chromatography) running buffer.
200mM phosphate buffer was made up at a 3:2 ratio of Na 2 HP 0 4 : NaH 2 P0 4 .
300ml of 200mM Na2 HP 0 4 was mixed with 200ml 200mM NaH 2 P 0 4 and the pH
was adjusted to 7.0. The solution was filter sterilized and degassed through a
0.2pm filter.

FPLC elution buffer.
3.7535g glycine was added to 500ml ddh20. The pH was adjusted to 2.7 with
HOI. The resulting lOOmM glycine-HCI solution was filtered through a 0.2pm
filter to remove particles and to degas.

Running buffer for Biomolecular Interaction analysis (BIA).
HEPES buffered saline pH 7.4 (HBS) was purchased from Pharmacia.
This contained 10mM HEPES (2.38g/l), 0.15M NaCI (8.77g/l). 3.4mM EDTA
(1.27g/l) and 0.5% BIAcore P20 surfactant.

BIAcore™ regeneration buffer.
lOmM NaOH was made up by the addition of 40mg solid NaOH to 100ml
ddH20. The solution was adjusted to pH 11 by the addition of a few drops of 3N
NaOH solution. The buffer was filtered and degassed before use.
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2.2 METHODS

2.2.1. ISOLATION OF HUMAN TONSILLAR B LYMPHOCYTES.
Excised human tonsils were obtained from the Royal National Ear, Nose
and Throat Hospital and from Great Ormond Street Hospital For Sick Children
with ethical approval from the local Ethical Committee. The tonsils were surface
sterilized for 10 seconds in 70% industrial methylated spirits (IMS) then rinsed
in RPMI holding medium to remove the alcohol. A suspension of tonsillar cells
was obtained by teasing into holding medium then the suspension was
centrifuged over lymphocyte separation medium (Ficoll-Hypaque) for 20
minutes at lOOOg. The tonsil mononuclear cells (TMC) were removed from the
interface, wshed twice in RPMI holding medium then counted in a
haemocytometer. Viability was determined by trypan blue exclusion. T cells
were removed by E resetting with AET treated SRBC. AET/SRBC (2.5ml of
10% suspension) were added to TMC at 5x10®/ml in 10ml of RPMI holding
medium and the FCS concentration was increased to 10%. The cells were
pelleted gently at 200g for 20 minutes at 4°C then incubated for 1 hour on ice.
The E rosettes were gently resuspended and layered onto Percoll (SG 1.080)
and centrifuged at lOOOg for 20 minutes. The non-rosetting (E ) cells were
collected from the interface and washed twice. The E cells were stained for B
cell, T cell and monocyte/macrophage content and were routinely <0.5% CD3+
(T cell), <0.5% CD14+ (monocyte /macrophage) and >97% CD19+,CD20+ (B
cell).
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2.2.2. PREPARATION OF LYMPHOCYTES FROM PERIPHERAL
BLOOD.
Fresh human peripheral blood was collected over preservative free
heparin (20IU/ml whole blood) and diluted with an equal volume of RPMI
holding medium supplemented with 20IU/ml heparin but without FCS or
antibiotics. Mononuclear cells were separated by centrifugation over FicollHypaque for 20 minutes at 1000g. Cells at the interface were recovered,
washed twice in RPM11640 holding medium and counted on a
haemocytometer. I cells were removed by two rounds of E rosetting as
described previously.

2.2.3. PREPARATION OF HIGH AND LOW BUOYANT DENSITY
B CELLS.
Tonsillar B cells were resuspended at 1x10®/ml in 5ml RPMI 1640
holding medium, layered onto 10ml percoll (SG 1.074) in 15ml Falcon tubes
and centrifuged at lOOOg for 20 minutes. High density B cells (SG > 1.074)
were pelleted and low density (SG < 1.074) were retained at the interface. Both
populations were washed to remove percoll and counted.

2.2.4. PREPARATION AND STAINING OF CELLS FOR FLOW
CYTOMETRY.
For each test, 0.25 - 0.5 x 10® cells were pelleted and resuspended in
50pl of a previously determined concentration of antibody diluted in RPMI
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holding medium containing 0.01% NaNs and incubated on ice for 30 minutes.
Where necessary, the cells were washed and a second layer of FITC or PE
conjugated goat anti-mouse lgG2 (Pab’ )2 was added for 30 minutes on ice. The
cells were then washed and resuspended to 1-2 x 10® cells/ml for analysis on a
FACScan flow cytometer using Lysis II software (Becton Dickinson).

2.2.5. CULTURES FOR INDUCTION OF B CELL SURFACE
ANTIGENS.
Tonsillar B cells (2 x 10®/ml) were cultured with cytokines in 1ml volumes
of RPMI with 10% FCS and SOpg/ml gentamycin in 24 well tissue culture plates
for 3 days. The B cells were then washed in RPMI holding medium with 0.01%
sodium azide and stained with monoclonal antibodies to particular B cell
surface antigens or receptors for FACS analysis as described in section 2.16.

2.2.6. CULTURES FOR B CELL PROLIFERATION.
Tonsillar B cells or peripheral blood B cells were cultured at 1 x 10®
cells/ml in 200pl volumes of medium in 96 well round or flat bottomed microtitre
tissue culture plates. IpCi ®H TdR was added for the last 8-12 hours of culture.
The cells were harvested on a Dynatech Automash 2000 cell harvester. Filters
were dried at 100®C for at least 2 hours and counted on an LKB RackBeta
scintillation counter. Results were corrected for quenching and expressed as
dpm. All cultures were set up in triplicate.
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2.2.7. CULTURE OF B CELLS WITH MURINE L CELLS.
Murine fibroblasts transfected with the human Fc receptor (L cells) were
cultured in IMDM supplemented with HAT (section 2.1.4). Before culture with
human B cells, the L cells were subjected to gamma irradiation (2500 rads)
using a ^^^caesium source (Gammacell 1000, Nordion International). The cells
were plated at 1x 10® cells/ml in flat bottomed tissue culture plates and
antibodies to human CD40 (G28.5) were added at 0.5pg/ml. B cell proliferation
assays were carried out as described above (section 2.2.6).

2.2.8. CULTURE FOR IMMUNOGLOBULIN SECRETION.
Tonsillar B cells or B cell enriched PBMCs, were cultured at a
concentration of 1x10® cells/ml in 0.3 ml volumes of medium in round bottom
tissue culture tubes or in round bottomed 96 well tissue culture plates for 13
days. Supernatants were removed and assayed for IgE content by ELISA. All
cultures were set up in triplicate.

2.2.9. ASSAY FOR IgE.
1. Flow LINBRO EIA II flat bottomed ELISA plates were incubated overnight
with 75pl of goat anti-human IgE (2pg/ml) in coating buffer at room
temperature.

2. Plates were washed three times and blocked for 6 hours at room
temperature with PBS/0.5% Tween/1 % BSA (lOOpI per well).
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3. After 3 further washes, samples were added to the plate in 75pl and
incubated overnight at room temperature.

4. After washing three times, rabbit anti-human IgE (75pl of 0.02pg/ml) was
added and the plates incubated at room temperature for 4 hours.

5. The plates were then washed three times and horseradish peroxidase
conjugated goat anti-rabbit IgG (75pl of 1pg/ml) added and incubated at room
temperature for 2 hours.

6. After three final washes, 75pl of OPD substrate (0.5mg/ml) dissolved in
phosphate/citrate buffer and H2 O2 (0.015% v/v) was added to each well and
developed at room temperature.

7. Colour development was stopped with 40pl of 4N H2 SO4 and plates read at
492nm with a Dynatech MR4000 ELISA plate reader.

All washing steps were with PBS/0.05% Tween 20. Samples and antibodies
were diluted in PBS/0.05% Tween 20/1% BSA.

Each plate included serial dilutions of a standard serum of known human IgE
concentration for construction of a standard curve. Results were calculated in
ng/ml against this standard curve using Microtek ELISA software.

2.2.10. SAMPLE PREPARATION FOR IMMUNOBLOTTING.
Cells were aliquotted at 10x10® cells per sample in 50|il RPMI culture
medium and left to equilibrate at 37°C for 15 minutes. Cytokines were added in
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50|il at time zero. To stop the reaction at the end of the incubation, 100pl of
Laemmli sample buffer was added and the sample was boiled for 5 minutes.
DNA was sheared using a 19 gauge needle. Samples were frozen at -70°C
before gel electrophoresis.

2.2.11. SAMPLE PREPARATION FOR CYCLIC AMP ASSAY.
Cells were aliquotted at 5x10® per sample in 200pl of RPMI culture
medium and allowed to equilibrate for 15 minutes. Cytokines were added in
50pl at time zero. The reaction was quenched using ice cold ethanol to a final
concentration of 65% and the cells were left on ice for 30 minutes. The samples
were then spun down and the cAMP-containing supernatant collected and kept
on ice. The pellet was washed once in 65% ethanol and the wash was added to
the supernatant from the first spin. Samples were dried on a vacuum drier at
low temperature, and resuspended in 250pl assay buffer.

2.2.12. SAMPLE PREPARATION FOR IP3 ASSAY.
Cells were aliquotted to give 5x10® cells per sample in 200pl of RPMI
culture medium containing 10% FCS or in HBSS containing 0.04% BSA
Fraction V and allowed to equilibrate for 15 minutes before stimulation.
Cytokines were added in 50pl at time zero. The reaction was quenched using
0.2 volumes of 20% perchloric acid and the cells were left on ice for 20
minutes. Debris was sedimented by centrifugation at 2000g for 15 minutes at
4°C and the supernatent was removed and retained. The supernatent was then
titrated to pH 7 using 1.5M KOH with 60mM HEPES and kept ice cold, to
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prevent the perchlorate precipitate dissolving. The precipitate was sedimented
by centrifugation and the supernatent, containing the soluble cellular contents,
was frozen at -70°C before assay in a final volume of approximately 500pl.

2.2.13. POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE).
The Bio-Rad Protean II protein gel electrophoresis system was used with
16x20 cm gels. The separating gel mix was made up by mixing 13.3 ml (for a
10% gel) Protogel with 15ml of 1M TrisHCI pH 8.5, 0.4ml of 10% SDS solution
and 1ml of 1.5% APS solution, and made up to 40ml in ddH20. 175pl TEMED
was added to polymerize and the gel was poured between the plates. The top
of the gel was sealed using 1ml butan-1-ol to maintain a flat surface and
remove air bubbles and the gel was allowed to set for 30 min. The stacking gel
mix was prepared by mixing 3.3ml Protogel with 2.5ml of 1M Tris HOI pH 6.8,
1ml of 1.5% APS solution, and 0.2ml of 10% SDS solution and made up to
20ml with ddHzO. 150pl TEMED was added just prior to pouring to cause
polymerization. Before pouring, butan-1-ol was washed off with distilled water
and the top of the gel was dried with blotting paper. Immediately after pouring
the stacking gel, combs were added to form sample wells in the gel. Excess gel
was removed from the edges of the combs and plates. The stacking gel was
allowed to set for 1 hour then the combs were removed and gels placed in the
electrophoresis tank. Samples were loaded under buffer (Tris-Glycine, Section
2.1.7). 50|il of cell samples and lOpI of molecular weight markers (Sigma high
molecular weight markers range 24,000-200,000Da and Amersham Rainbow
markers range 29,000-200,000Da) were loaded onto the gel. Samples were run
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into the stacking gel at 160V, 100mA for approximately 1 hour then through the
separating gel at 200V, 100mA for approximately 4 hours. Alternatively, gels
were run overnight at 50V, 100mA.

2.2.14. WESTERN BLOTTING.
The Biorad Transblot wet blotting system was used. Gels were removed
from the electrophoresis plates and the stacking gel was discarded. Correct gel
running was established from the position of the coloured Rainbow markers.
Scotchbrite pads, gels and blotting paper were all soaked in transfer buffer
before use. Immobilon P membrane was prepared by rinsing in IMS then
washing several times in ddH20 and soaking in transfer buffer. Western
blotting cassettes were set up as shown in the diagram.

Figure 2.1. Assembly of Western blotting cassette.
positive electrode
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Scotchbrite pad
8x Whatman 3mm paper
Immobilon P
Polyacrylamide gel
8x Whatman 3mm paper

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Scotchbrite pad
negative electrode

Wet blotting was carried out in CAPS buffer for 18-24 hours. Transfer could be
checked from the Rainbow markers. After transfer, membranes were blocked in
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5% PBS-Marvel at room temperature for 1-2 hours. Blots could be left at 4°C for
up to 2 days before antibody hybridization.

2.2.15. HYBRIDISATION OF ANTIBODIES TO FILTERS.
Blocked filters were removed from PBS-Marvel and washed three times
in PBS-0.05% Tween. Filters were rolled in nylon mesh and placed in
hybridisation bottles. Monoclonal anti-phosphotyrosine antibody (4G10) at
Ipg/ml was added in PBS/0.5% Marvel. 10 ml of antibody solution was required
for each filter. Bottles were placed on a roller and incubated for two hours.
Filters were rotated after one hour of incubation to ensure even hybridisation.
After hybridisation, the filters were removed from hybridisation bottles and
washed six times in PBS/0.5% Tween. The anti-phosphotyrosine antibody was
filter sterilized and could be reused up to six times.
Filters were again rolled in nylon mesh, and replaced in the hybridisation
bottles for addition of the second layer. The second layer (rabbit anti-mouse
lgG2b-horseradish peroxidase conjugate) was added at 1pg/ml in 10ml of
PBS/0.5% Marvel and incubated for 2 hours. The blots were rotated halfway
through the incubation period to ensure even hybridisation. After the incubation
period, filters were washed six times in PBS/0.05% Tween.
For visualisation of phosphotyrosine containing proteins,
electrochemiluminescence (ECL, Amersham) was used. This relies on a
luminescent signal generated by the action of HRP on luminol in the presence
of an oxidising agent (Hydrogen peroxide). The luminescence is then detected
using photographic film. Excess buffer was drained from the blots and equal
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volumes of the two ECL reagents was added. After a 1 minute incubation, the
reagents were drained off and the blot was wrapped in Saran wrap before
exposure to photographic film. The time of exposure depended on the strength
of the signal but was usually less than ten minutes. The film was developed in a
Fuji RGII X-ray film processor.

2.2.16. PREPARATION OF IP3 BINDING PROTEIN.
The source of the protein containing microsomes was bovine adrenal
cortex (collected from Ziffs Meats Ltd, Bow). Each adrenal gland was cleaned
of fat and bisected using scissors. The medulla was removed by scraping with
a scalpel. The tissue was weighed and 2 volumes of ice-cold homogenization
buffer (20mM NaHCOs, 1mM dithiothreitol, pH 7.5) added. The tissue was finely
chopped using a blender for approximately 1 minute and then homogenized
using a Potter-Elvehjem homogenizer. The preparation was then centrifuged at
5000g for 20 minutes at 4®C to remove non-homogenized cells and connective
tissue. The supernatent was retained and centrifuged again at 35000g for 20
minutes at 4®C to sediment the microsomes which contain the IP3 binding
protein. The pellet was resuspended in homogenization buffer and the A 280
determined as a measure of protein concentration. The concentration was
corrected to 20-40mg/ml by addition of homogenization buffer. The IP3 binding
protein was frozen and stored at -70°C in 1ml aliquots before use.
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2.2.17. BINDING ASSAY TO MEASURE IP3 .
The assay was carried out in polypropylene Eppendorf tubes to minimise
non-specific binding. Each incubation contained 25pl of incubation buffer, 25|il
of ^HIPs (SOOOcpm), 25^1 of standard unlabelled IP3 or cell extract and 25|il of
binding protein. In each assay a standard curve was obtained from doubling
dilutions of IP3 starting at 250nM. Non specific binding was measured using an
excess of unlabelled IP3 (4pM). Binding in the absence of unlabelled IP3 (Bo)
was measured by adding 25pl water.
The samples were then incubated on ice for 1-2 hours. Incubations were
terminated by centrifugation at 12000g for 5 minutes at 4°C. The supernatent
was removed and the pellet resuspended in 100|il assay buffer. This was
added to 1ml of aqueous scintillation fluid and counted in an LKB Wallac
RackBeta 1209 scintillation counter.

2.2.18. BINDING ASSAY TO MEASURE CYCLIC AMP.
Cyclic AMP was measured using an assay kit obtained from Amersham.
All reagents were kept at 4°C during the reaction. The assay was carried out
according to the manufacturers instructions in polpropylene Eppendorf tubes to
minimise non-specific binding. Each tube contained lOOfil cAMP binding
protein, 50|il of

labelled cAMP and 50^1 of unlabelled cAMP of a known

concentration for construction of a standard curve, or 50pl of cAMP from an
unknown sample. The tubes were incubated at 4°C for 2 hours.
At the end of the incubation period, 100^1 of charcoal which had been
suspended in 20ml ddH20 suspension was added to each tube. The tubes
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were then centrifuged to sediment the charcoal, which adsorbed any free cAMP
and 200^1 of the supernatent removed for counting. This was added to 1ml of
aqueous scintillation fluid and counted in a RackBeta scintillation counter.

2.2.19. PURIFICATION OF ANTIBODIES USING FAST PROTEIN
LIQUID CHROMATOGRAPHY (FPLC).
Before FPLC, the samples were precipitated with dextran sulphate to
remove any lipoproteins and lipids which could block the column. A solution of
10% dextran sulphate solution in water was prepared. For every 1ml of sample
protein solution, 0.04ml dextran sulphate solution and 1ml1M calcium chloride
solution were added. The samples were mixed on a roller at 4°C for 15
minutes. The mixture was centrifuged at 10,000g for 10 minutes and the
precipitate removed. The samples were then dialysed against FPLC running
buffer before appying to the column.
Purification of antibodies was achieved using a protein G column
(Pharmacia). This retains antibodies whilst allowing other proteins to be eluted.
The antibodies were added to the column in 10ml volumes in running buffer at
pH 7. Elution of proteins was measured using an on-line absorbance monitor
set at 280nm and visualised on a chart recorder. Antibodies were eluted using
glycine MCI (elution buffer). After use the column was cleaned using 20%
ethanol. The antibody containing fractions were neutralized using solid Tris and
the protein content measured on a spectrophotometer using Azso- To remove
the Tris MCI, the samples were dialysed overnight against PBS. All antibodies
were filter sterilized through a 0.2pm filter before use in tissue culture.
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2.2.20. BIOTINYLATION OF PROTEINS.
Biotin-XXX-NHS (Calbiochem) was used since the spacer arm may help
to prevent steric hindrance. Protein at 1mg/ml was dialysed overnight against
0

. 1.M NaHCOs pH 8.5 prior to biotinylation. The biotin reagent was made up to

25mM in dimethyl formamide and 20pl of the solution was added per Img
protein. The solution was incubated for 2 hours at 4°C and then dialysed
overnight against PBS to remove free biotin. To check biotinylation, an ELISA
was carried out.

1. Immulon 4 flat bottomed ELISA plates were incubated overnight with serial
dilutions of biotinylated protein solution in coating buffer (bicarbonate buffer
containing

.

0 0 2

% NaNs) at room temperature. Control wells were coated with

coating buffer only.

2. Plates were washed three times in PBS/0.5% Tween.

3. 75pl streptavidin-alkaline phosphatase was added at 1:1000 in PBS/BSA
and incubated for

1

hour at room temperature.

4. After 3 further washes in PBS/0.5% Tween, pNPP substrate was added at
1 mg/ml in bicarbonate buffer and left for 5 minutes for colour to develop.

5. Colour development was stopped with 50pl 4N H2 SO 4 and plates read at
410nm with a Dynatech ELISA plate reader.
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2.2.21. ANALYSIS OF BINDING USING THE BIACORE
BIOSENSOR.
The methods used were as described by the manufacturer (Pharmacia).
All reagents were equilibrated to room temperature before use. To immobilize
the protein, the sensor chip (SA5 streptavidin chip, Pharmacia) was filled with
HBS buffer and flow rate was set at 5pl/min. Protein was diluted to 200pg/ml in
10mM HEPES, 0.3M NaCI, pH 7 for coating to the chip. The protein solution
was injected at 5pl/minute for 3 minutes then the chip surface was washed with
HBS. The chip was stored in HBS at 4°C prior to use.
After storage, the chip was allowed to equilibrate to room temperature
before use. Analytes were injected for 2 minutes in HBS with a flow rate of
5pl/minute to measure association rates. After injection, HBS was passed over
the chip at a rate of 5pl/minute to measure dissociation rates. The chip surface
was regenerated (analyte removed but covalently bound ligand retained) using
10mM NaOH pH 11.0 at a flow rate of 5pl/minute for 2 minutes. The chip was
washed again in HBS before injection of further analytes.
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CHAPTER 3.

IL-13 ACTIVATION OF HUMAN B CELLS: A
COMPARISON WITH IL-4.
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3.1. INTRODUCTION.

IL-13 first was discovered by cross hybridisation with murine IL-4 cDNA
and provisionally named p600 (Nakagawa et al., 1985). Subsequently, a cDNA
with 60% homology to mouse pBOO was found expressed in human T cells
activated with anti-CD28, and named IL-13 (Minty et al., 1993). The human
gene for IL-13 was found close to the gene for IL-4 on chromosome 5q21-31
(Smirnov et al., 1995). IL-4 and IL-13 show limited sequence and aminoacid
homology (20-25% identity). The regions of strongest homology lie in the first
and last a helical regions of the proteins which have been shown to be
important for IL-4 binding and signalling (McKenzie et al., 1993b).
In functional studies, human IL-13 was initially shown to inhibit
inflammatory cytokine production (IL-6 and IFN^) in LPS-activated monocytes,
a property which it shares with IL-4 (McKenzie et al., 1993b). In further
experiments with human monocytes and B cells, IL-13 has been shown to
share many of the other functions previously unique to IL-4, including
activation, proliferation and antibody class switching (Punnonen et al., 1993a;
McKenzie et al., 1993a; Zurawski and de Vries, 1994; Defrance et al., 1994;
Briere et al., 1995). In contrast, murine B cells and human T cells, which
respond to IL-4, do not bind or respond to IL-13 (Zurawski and de Vries, 1994).
Both IL-4 and IL-13 increase the activation state of human B cells,
measured by surface expression of markers such as CD23 and IgM (Rigley et
al., 1991; Punnonen et al., 1993a;). In dose response experiments, the
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maximum increase in IgM occurs at low doses of IL-4 (2-5U/ml) whereas the
maximum increase in surface CD23 expression is not obtained until
concentrations up to lOOU/ml are reached (Rigley et al., 1991). This is
consistent with the presence of two IL-4 receptors on human B cells. No
information about different dose responses to IL-13 has previously been
published.
IL-4 and IL-13 also induce proliferation of human B cells in costimulation
with a range of stimuli including PMA at submitogenic doses and anti-IgM
(Defrance et al., 1994). In addition, both IL-4 and IL-13 will costimulate with
CD40 antibodies or CD40L to induce B cell proliferation (Crawford and
Catovsky, 1993; Cocks et al., 1993; McKenzie et al., 1993a; Punnonen and de
Vries, 1994; Defrance et al., 1994). Another shared function of IL-4 and IL-13 is
antibody class switching to IgE and lgG4 in humans (Ishizaka et al., 1990;
Gascan et al., 1991a; Cocks et al., 1993; Or et al., 1994; Punnonen and de
Vries, 1994; Defrance et al., 1994). This also requires a costimulating agent,
usually stimulation through the CD40 surface antigen. However, in contrast to
these shared activities on B cells, IL-13, unlike IL-4, has no effects on human T
cells.
One possible explanation for the common biological activities of IL-4 and
IL-13 is a shared receptor on human B cells. The IL-4 receptor consists of the
IL-4Ra chain which binds IL-4, and the yc chain (Burstein et al., 1991; Russell
et al., 1993). This receptor is present in low numbers on resting B cells, and
high numbers on activated B cells (Zuber et al., 1990). IL-13 binds to a protein
of 65KDa on the surface of all IL-13 responsive cells, and various experiments
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have indicated a shared receptor component with IL-4. Experiments using
IL-4yi24d, which is an IL-4 antagonist, can block cellular responses to IL-13.
IL-13 can also inhibit IL-4 binding to its receptor in IL-13 responsive cell lines
(B cells and monocytes) but not in a T cell line which does not respond to IL-13
(Zurawski et al., 1993b; Mingari et al., 1985). However, IL-13 cannot bind to the
cloned IL-4Ra chain (Zurawski et al., 1993b). These results suggest the
presence of a common receptor for IL-4 and IL-13 on B cells and monocytes,
as well as a unique receptor which binds only IL-4, present on T cells.
To investigate this further, the detailed responses to IL-4 and IL-13 by
human B cells were compared to determine whether some of the functions of
the cytokines might be mediated by different receptors.
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3.2. RESULTS
3.2.1. ACTIVATION OF B CELLS BY IL-4 AND IL-13.

Activation of B cells by IL-4 and IL-13 was compared by measuring
surface expression of activation markers including MHO class II, CD23 and the
surface antigen receptor IgM. Human tonsillar B cells were cultured for 72
hours in the presence of IL-4, IL-13 or medium alone as a negative control.
Surface markers were detected using directly conjugated monoclonal
antibodies and analysed using a FACScan with Lysis II software (Becton
Dickinson, UK). Background fluorescence was measured using a FITCconjugated antibody to mouse IgGI, which does not crossreact with human B
cells. In order to compare the concentrations of lL-4 and IL-13, all
concentrations are presented in nM. The specific activities of IL-4 and IL-13 in
U/ml as determined by dose response experiments are defined in Materials and
Methods section 2.1.2.
The results of the activation experiments can be seen in the FACS
profiles in figures 3.1 and 3.2. IgM was constituitively expressed at a low level
on tonsillar B cells cultured in medium alone and was increased on activation
with IL-4 or IL-13. In contrast, CD23 was low or absent on cells cultured for 3
days in medium alone but could be strongly induced on activation with IL-4 or
IL-13. In all experiments, the magnitude of the maximal response to IL-4 was
much greater than that obtained in response to IL-13. In some experiments, the
increase in IgM induced by IL-13 was almost negligible over that expressed in
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IL-4

IL-13

Figure 3.1: Surface expression of IgM in response to IL-4 and IL-13. Human
tonsillar B cells (1x10® cells/ml) were cultured for 3 days with IL-4 at 0.4nM (top
panel) and IL-13 at 4nM (bottom panel). Cells were stained with FITC-conjugated
anti-IgM monoclonal antibody or FITC-conjugated monoclonal antibody to mouse
IgG for background fluorescence and analysed on a FACScan using Lysis II
software. The graphs show stimulated cells (pink line for IL-4 and pale blue for
IL-13) compared to unstimulated cells (black). Background fluorescence is shown
in dark blue.
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Figure 3.2: Surface expression of CD23 in response to IL-4 and IL-13. Human
tonsillar B cells (1x10® cells/ml) were cultured for 3 days with IL-4 at 0.4nM (top
panel) and IL-13 at 4nM (bottom panel). Cells were stained with PE-conjugated
anti-CD23 monoclonal antibody or PE-conjugated monoclonal antibody to mouse
IgG for background fluorescence and analysed on a FACScan using Lysis II
software. The graphs show stimulated cells (pink line for IL-4 and pale blue for
IL-13) compared to unstimulated cells (black). Background fluorescence is shown
in dark blue.
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cells cultured in medium alone, although a clear increase in both IgM and
CD23 could always be seen after culture with IL-4.
When the increase in surface markers was measured over a range of
IL-4 concentrations, a striking difference between induction of the two markers
could be seen (figure 3.3). The graph shows median fluorescence intensity,
measured as a percentage of the maximum change obtained in the experiment.
Maximum increase in surface IgM was obtained at IL-4 concentrations between
0.01 and O.OSnM, but the maximum increase in CD23 was not obtained until
concentrations of up to 0.5nM IL-4 were reached. This result is consistent with
previous findings, suggesting that IL-4 may be operating through two different
receptors.
In IL-13 dose response experiments, similar concentrations were
required for maximum surface IgM and CD23 expression. Both markers were
maximally increased when a concentration of 0.1-In M IL-13 was reached
(figure 3.4). In the experiment shown, the concentration of IL-13 required for
half-maximum proliferation seemed to be lower for expression of CD23 than for
expression of surface IgM, but this was not a consistent finding over a range of
experiments.

3.2.2. PROLIFERATION IN RESPONSE TO IL-4 AND IL-13.
After activation, B cells can be further stimulated to undergo proliferation
in the presence of a second signal. Proliferation can be measured by synthesis
of DNA using tritiated thymidine (^HTdR) incorporation. IL-4 has been shown
to induce proliferation in costimulation with a range of monoclonal antibodies to
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Figure 3.3: Activation of B cells by IL-4 at different concentrations.
Human tonsillar B cells (1x10® cells/ml) were cultured for 3 days with IL-4 at
the range of concentrations shown. Cells were stained with FITC-conjugated
anti-IgM monoclonal antibody or PE-conjugated anti-CD23 monoclonal
antibody and analysed on a FACScan using Lysis II software. Results were
calculated as the percentage change in MFI compared to the maximum
change obtained in the experiment.
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Figure 3.4: Activation of B cells by IL-13 at different concentrations.
Human tonsillar B cells (1x10® cells/ml) were cultured for 3 days with IL-13 at
the range of concentrations shown. Cells were stained with FITC-conjugated
anti-IgM monoclonal antibody or PE-conjugated anti-CD23 monoclonal
antibody and analysed on a FACScan using Lysis II software. Results were
calculated as the percentage change in MFI compared to the maximum
change obtained in the experiment.
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cell surface antigens including the antigen receptor IgM and the CD40 antigen
(Punnonen et al., 1993a; Crawford and Catovsky, 1993). Recently it has been
reported that IL-13 has similar effects on proliferation of B cells in the same
assays (Cocks et al., 1993; McKenzie et al., 1993a; Defrance et al., 1994;
Punnonen and de Vries, 1994). In order to compare proliferative responses to
IL-4 and IL-13, dose response experiments were carried out.

3.2.2.1. Costimulation with anti-IgM antibodies.
In order to stimulate the antigen receptor complex on B cells, antibodies
to the IgM heavy chain were used. To crosslink the receptors, these antibodies
were immobilised on beads, providing the equivalent of a multivalent antigen to
stimulate the B cells. Tonsillar B cells were incubated for 3 days with cytokine
and anti-IgM beads at the concentrations shown in the figure legends for each
experiment. Tritiated thymidine was added to the cultures for the last 8-12
hours of the incubation period and uptake was measured by scintillation
counting.
Figure 3.5 shows proliferation after 72 hours in response to increasing
concentrations of IL-4 or IL-13 in costimulation with anti-IgM beads. The
response to IL-4 was maximum at 0.1-0.5nM, which was similar to
concentrations required for the maximum increase in surface CD23 expression.
The response to IL-13 reached a maximum at InM which corresponds to the
concentrations required for maximum increase in both surface markers.
However, the maximum proliferation obtained with IL-13 was always much less
(usually around 20-50%) than the IL-4 response by the same cells. Over at
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Figure 3.5: Proliferation of B cells in response to anti-IgM beads and
IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml) were cultured for 3
days with anti-IgM beads at lO^g/ml plus IL-4 (top panel) or IL-13 (bottom
panel) at the concentrations shown. Results are expressed as dpm ± 1 sem
from triplicate cultures.
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least 10 experiments, the IL-13 response never reached the levels obtained
with IL-4 in any samples tested, for either tonsillar or peripheral blood B cells.
It was possible that the differences in response to IL-4 and IL-13 may be
due to a different time response. The response of tonsil B cells to IL-4 has
previously been shown to peak at 72 hours but no information about maximum
responses to IL-13 was available. To investigate the time of maximum response
to IL-13, timecourse assays over five days were carried out with IL-4 and IL-13.
The cells were incubated as before, and were pulsed with ^HTdR, over a range
of timepoints from 24 to 120 hours.
Figure 3.6 shows the timecourse of proliferation in response to IL-4 and
IL-13. Some increase in ^HTdR incorporation can be seen as early as 48 hours
after the start of this experiment, with a maximum reached at 72 hours. After
120 hours no further upake of ^HTdR by the cells could be observed. These
results are consistent with those obtained previously for IL-4, which indicate
that IL-4 and anti-IgM cause only short term proliferation of non-transformed B
cells (Defrance et al., 1987). The experiment showed that the IL-13 responses
occur with the same timecourse as the IL-4 response on tonsillar B cells,
causing a maximum increase in proliferation at 72 hours. Since this is the case,
another difference in the B cell responses to the two cytokines must be
responsible for the differing magnitude of response.

3.2.2 2. Costimulation with soluble anti-CD40 antibodies.
Another surface antigen which has been shown to stimulate proliferation
in costimulation with cytokines is the CD40 surface molecule (Defrance et al..
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Figure 3.6: Timecourse of proliferation of B cells in response to
anti-IgM beads and IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml)
were cultured with anti-IgM beads at lOpg/ml alone and with IL-4 at 0.4nM or
IL-13 at 2nM. Samples were pulsed for the last 12 hours of culture and
harvested at the times shown. Results are expressed as dpm ± 1 sem from
triplicate cultures.
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1994). In vivo, this would be stimulated by the CD40 ligand, expressed on
activated CD4* T cells. In experimental systems, either recombinant CD40L or
antibodies to CD40 can be used. In the experiments described below, G28.5
antibodies to CD40 (used to identify the CDw40 molecule in the Third
International Workshop on Leukocyte Antigens) were used. The antibodies
were purified from ascites (supplied by Dr E. Clark) by FPLC using a protein G
column. Purity was checked using PAGE and concentration measured by
absorbance at 280nm on a spectrophotometer. Freshly isolated tonsillar B cells
were incubated for 72 hours in the presence of G28.5 and IL-4 or IL-13, and
pulsed with ^HTdR for the last 8-12 hours of culture. Cells were harvested and
incorporation of ^HTdR was measured by liquid scintillation counting.
As shown in figure 3.7, maximum proliferation in these experiments was
obtained at similar concentrations of IL-4 and IL-13 as when anti-IgM was used
as a costimulating agent: approximately O.SnM for IL-4 and InM for IL-13.
Maximum proliferation obtained with IL-13 was again consistently less than that
obtained with IL-4 (usually 50-75%) but the difference was not as great as
when anti-IgM is used as a costimulating agent.
In time response experiments, maximum proliferation in response to both
IL-13 and IL-4 was obtained by 72 hours (figure 3.8). The proliferation obtained
in costimulation with G28.5 was more sustained than that obtained in response
to anti-IgM, and a low level of proliferation was still evident after 5 days.
However, soluble G28.5 was still unable to maintain long term B cell
proliferation in costimulation with either IL-4 or IL-13. Since the timecourse of
the response was the same for both IL-4 and IL-13, the differing magnitudes of
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Figure 3.7: Proliferation of B cells in response to G28.5 and IL-4 or
IL-13. Human tonsillar B cells (1x10® cells/ml) were cultured for 3 days with
G28.5 at 1pg/ml and IL-4 (top panel) or IL-13 (bottom panel) at the
concentrations shown. Results are expressed as dpm ± 1 sem from triplicate
cultures.
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Figure 3.8: Timecourse of proliferation of B cells in response to G28.5
and IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml) were cultured with
G28.5 at 1|.ig/ml alone and with IL-4 at 0.4nM or IL-13 at 2nM. Samples were
pulsed for the last 12 hours of culture and harvested at the times shown.
Results are expressed as dpm ± 1 sem from triplicate cultures.
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response must be explained in some other way. One possibility was that IL-13
acted on a smaller sub-population of B cells than IL-4. This possibility was
explored further in later experiments (section 3.2.4).

3.2.2.3. Costimulation with crosslinked anti-CD40 on CDw32-transfected L
cells.
Another stimulus used to trigger the CD40 surface antigen employs
antibodies to CD40 presented on the surface of irradiated fibroblastic mouse
Ltk' cells expressing FcyRII/CDw32 (L cells). The L cells are stably transfected
with the receptor specific for the Fc portion of murine IgG, and can be used to
present antibodies of this class to B cells. Antibodies to CD40 presented on L
cells can be used with both IL-4 and IL-13 to permit establishment of factordependent long-term human B cell lines (Banchereau et al., 1991; Briere et al.,
1995). IL-2, another cytokine which can induce B cell proliferation under some
circumstances, will not stimulate long term proliferation of B cells under these
conditions. The previously published data indicates good responses to IL-4 and
IL-13, so the dose responses to the two cytokines were investigated to
establish whether the reduced responses of B cells to IL-13 compared to IL-4
would be evident in this system also.
Fresh tonsillar B cells were incubated with G28.5, irradiated L cells and
IL-4 or IL-13 for 7 days. ^HTdR was added for the last 12 hours of culture. The
cultures were frozen at the end of each experiment, to detach the adherent L
cells from the plates, thus allowing counting of ^HTdR incorporated into the
DNA of B cells which were bound to them. Cells were harvested and counted
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as described previously. Background counts obtained in these experiments
were high since the L cells are cotransfected with the thymidine kinase gene as
a selectible marker, which allows them to use thymidine for metabolism as well
as DNA synthesis.
In these experiments, responses of a similar magnitude were obtained
with IL-4 and IL-13 (figure 3.9). Both of these responses were usually larger
than the responses obtained using soluble G28.5 with the same number of
cells and concentration of cytokines. The maximum responses to the two
cytokines were obtained at concentrations of approximately In M for IL-4 and
O.SnM for IL-13. In the experiment shown, the plateau of the graph is not
obtained with O.SnM IL-4, but in other experiments (data not shown) this
concentration was shown to give a maximum response. In contrast to other
proliferation experiments, higher concentrations of IL-4 than IL-13 were
required to give maximum proliferation in these experiments.
To ensure that maximum proliferation obtained in the IL-4 cultures was
not limited by the nutrients in the medium, experiments were carried out using
lower cell numbers. The cultures were treated in the same way as in the
previous experiment, and in all cases lOx less L cells than B cells were added
to the cultures. Previously determined optimum concentrations of IL-4, IL-13
and G28.5 were added as described in the figure legends.
The experiment clearly showed that regardless of cell numbers, IL-4
and IL-13 both stimulate a similar magnitude of proliferation (figure 3.10). At the
highest cell numbers, the nutrients may be limiting, since the response to
G28.5 alone was as great as that in costimulation with IL-4 or IL-13. At the
concentration of cells chosen for the previous experiments, 100,000 B cells per
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Figure 3.9: Proliferation of B cells in response to G28.5 on L cells and
IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml) were cultured for 7
days with G28.5 at 1|.ig/ml presented on L cells (1x10® cells/ml) and IL-4 or
IL-13 at the concentrations shown. Results are expressed as dpm ± 1 sem
from triplicate cultures.
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well (equivalent to 0.5x10® cells per ml), maximum proliferation was reached in
response to both IL-4 and IL-13 in costimulation with G28.5 but not in response
to G28.5 alone. In these experiments, numbers of cells were not limiting the
proliferation obtained in response to IL-4, so another explanation must be
found for the similar responses to IL-4 and IL-13 in this assay compared to
other proliferation assays where IL-4 is always more potent than IL-13. Other
possibililies are addressed in further experiments (section 3.4) and in the
discussion.

3.2.3. IgE PRODUCTION BY B CELLS IN RESPONSE TO IL-4
AND IL-13.
A range of stimuli can cause antibody secretion by tonsil B cells
including activation by EBV or costimulation with antibodies to CD40 (in both
soluble and crosslinked form) and various cytokines (Callard et al., 1991;
Kotowicz and Callard, 1993; de Vries et al., 1993). Antibody production by B
cells can include secretion of IgM or class switching to IgG, IgA and IgE. IL-4
has been shown to cause class switching to IgE in costimulation with CD40 and
recently various reports have indicated that IL-13 shares this function (Ishizaka
et al., 1990; Gascan et al., 1991a; Cocks et al., 1993; Punnonen and de Vries,
1994; Defrance et al., 1994; Or et al., 1994). In experiments described here,
monoclonal G28.5 was presented on irradiated mouse CDw32 L cells, since
this system was found to give a similar magnitude of response to both
cytokines in proliferation assays. In the first experiment, human peripheral
blood B cells were used and in the second (carried out by Karolena Kotowicz)
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tonsillar B cells were used. Cells were cultured for 10 days with L cells, G28.5
and cytokines where indicated. At the end of the incubation period, cells were
pelleted by centrifugation and supernatants harvested and frozen before
detection of IgE by specific ELISA (section 2.2.9).
From the results shown in figures 3.11 and 3.12 it is clear that both IL-4
and IL-13 were able to induce IgE secretion by peripheral blood and tonsil
lymphocytes. Maximum IgE secretion in response to IL-4 was not reached at
0.4nM in this experiment, but in other experiments (data not shown), addition of
IL-4 at O.SnM reduced IgE secretion to background levels. Higher doses of
IL-13 were required for maximum IgE secretion than for other responses to
IL-13. Plateaux were not reached with InM IL-13 whereas in proliferation and
activation assays 0.5-1 nM IL-13 gave maximum responses. It is clear that both
tonsillar B cells and peripheral blood B cells behave in the same way in these
experiments.

3.2.4. PROLIFERATION OF HIGH AND LOW DENSITY B CELLS
IN RESPONSE TO IL-4 AND IL-13.

The results obtained earlier in this chapter showed that IL-13 had less
effect on B cells than IL-4. One explanation for this is that IL-13 is acting on a
smaller subset of B cells. Tonsil B cells can be separated into high density
(resting cells in Go phase of the cell cycle) and low density (activated cells in
Gi-S) populations by Percoll density gradient centrifugation.
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Figure 3.11: IgE secretion by peripheral blood B cells in response to
G28.5 presented on L cells and IL-4 or IL-13. Human peripheral blood B
cells (1x10® cells/ml) were cultured for 10 days with IL-4 or IL-13 at the
concentrations indicated. Crosslinked G28.5 at Ipg/ml presented on L cells
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123
10 -

E
TO

e

IL-4 + anti-CD40

c
c

o

o
Q)

(/)
LU

TO

0.000

0.001

0.010

0.100

1.000

concentration of IL-4 (nM)

4

IL-13

3

IL-13+ anti-CD40

TO
c

c
o

2

î(D

(/)

LU

TO

1

0

0.000

0.010

0.100

1.000

10.000

concentration of IL-13 (nM)

Figure 3.12; IgE secretion by tonsillar B cells in response to G28.5
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To investigate the effects of IL-13 and IL-4 on resting and activated B
cells, tonsil B cell preparations (prepared as described earlier) were separated
into high density (SG > 1.074) and low density (SG < 1.074) cell populations
and were compared in proliferation assays by costimulation with both cytokines
and either soluble G28.5 antibodies or immobilized anti-IgM antibodies. In
these experiments, high density, low density and unseparated B cells respond
well to costimulation with anti-IgM and IL-4 or IL-13 although responses of low
density B cells were generally less than the response of the high density B
cells (figure 3.13). The IL-13 response of all 3 populations was approximately
50% of that obtained with IL-4 (table 3.1). These results show that B cells
cannot be separated into IL-13 responsive and IL-13 non-responsive
populations on the basis of size and density.
Costimulation with G28.5 and IL-4 or IL-13 also stimulated proliferation
of high density, low density and unseparated B cells (figure 3.13). In this case,
proliferation of high density B cells was less than that in the cultures containing
low density cells suggesting that G28.5 is less effective at pre-activating the B
cells and works preferentially on the activated population. In all cases, the
proliferation induced by IL-13 and G28.5 was approximately 20% lower than
the proliferation in response to IL-4 whether high density or low density cells
were used (table 3.1).
These results demonstrate that the different magnitude of response to
IL-4 and IL-13 was not due to the activation state of the B cells used in the
experiments. However, it further underlines the results obtained in dose
response experiments that showed the importance of the costimulator used. In
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Figure 3.13: Proliferation of various populations of B cells in response
to G28.5 and IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml) were
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along with unseparated cells, were cultured for 3 days with soluble anti-IgM
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Results are expressed as dpm ± 1 sem from triplicate cultures.

126

Table 3.1. Percentage response to IL-13 compared to IL-4

The table shows the IL-13 response calculated as a percentage of the
IL-4 response in the same cells.
A; Costimulation with anti-IgM

Donor 1

Donor 2

Unseparated cells

53%

41%

Resting cells

59%

40%

Activated cells

55%

48%

B: Costimulation with soluble anti-CD40

Donor 1

Donor 2

Unseparated cells

84%

43%

resting cells

66%

71%

activated cells

80%

45%
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all cases, responses to IL-13 were more comparable to the IL-4 responses
when G28.5 was used as a costimulator than when IgM was used.

3.2.5. INHIBITION OF B CELL PROLIFERATION BY ANTIBODIES
TO CD19.
GDI 9 is a surface antigen present on B cells from an early stage in
development until plasma cell differentiation. It has a molecular weight of 95
KDa and is a member of the immunoglobulin gene superfamily (Tedder et al.,
1994).
Studies using GDI 9 monoclonal antibodies have suggested a role for
G D I9 in the growth regulation of B cells. It has been shown that B cell
proliferation and differentiation can be either inhibited or enhanced by GDI 9,
depending on the extent of crosslinking and the mitogenic stimulus used
(Fearon and Garter, 1995). In systems which involve extensive crosslinking of
GDI 9, the threshold for B cell proliferation in response to IL-4 and crosslinked
anti-IgM can be lowered (Tedder et al., 1994). In contrast, if soluble antibodies
are used, the proliferation of human B cells under the same conditions can be
inhibited (Rigley and Gallard, 1991; Tedder et al., 1994).
Since IL-13 appears to share many of the effects of IL-4 on B cells, it
was decided to investigate the possible inhibitory effects of GDI 9 on B cell
responses to IL-13. Freshly isolated tonsillar B cells were incubated with IL-4 or
IL-13 in costimulation with anti-IgM or G28.5 in the presence and absence of
soluble GDI 9 antibodies (B U I2) for 72 hours. The cultures were pulsed with
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^HTdR for the last 8-12 hours of culture, then cells were harvested and ^HTdR
incorporation was measured as described previously. These experiments were
also carried out on heavy and light B cell populations to investigate whether the
two populations might show different effects.
The results in figure 3.14 show that the presence of B U I2 inhibited B
cell proliferation in response to costimulation with anti-IgM and IL-4 or IL-13 on
tonsillar B cells. The background proliferation in response to IgM alone was
also inhibited. Similar inhibition of IL-4 and IL-13 responses was also observed
when the cells were separated into high density and low density populations.
When the cells were cultured with G28.5 and IL-4 or IL-13 (figure 3.15)
responses were also inhibited, although the percentagejinhibitionwas lower
than that obtained in experiments with anti-IgM as a costimulator. Again B U I2
could inhibit responses by high density and low density B cells as well as the
unseparated population. The results indicate that B cell responses to IL-4 and
IL-13 were inhibited to a similar extent by antibodies to GDI 9.
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Figure 3.14: Inhibition by antibodies to CD19 of B cell responses to
anti-IgM plus IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml) were
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3.3, DISCUSSION.

The aim of the experiments described in this chapter was to investigate
the similarities and look for differences in B cell responses to IL-4 and IL-13.
The results indicate that in all of the experiments carried out the qualitative
effects of IL-4 and IL-13 are similar, but that some subtle differences can be
found.
Both IL-4 and IL-13 stimulated proliferation in costimulation with
crosslinked anti-IgM, and soluble anti-CD40 or anti-CD40 presented on L cells.
The dose response and time response of proliferation was similar for both
cytokines and could be inhibited using antibodies to the surface marker GDI 9.
The only difference obvious in the proliferation assays was the magnitude of
the IL-13 responses, since responses to IL-13 were usually less than
responses to IL-4 in the same cells.
However, B cell proliferation in response to IL-13 in costimulation with
G28.5 was usually greater than proliferation in costimulation with anti-IgM.
Also, when G28.5 was used as a costimulating antibody, B cell responses to
IL-4 and IL-13 were more comparable than when anti-IgM was used. The
finding was reinforced by experiments carried out using CD40 monoclonal
antibodies presented on the surface of L cells, where both IL-4 and IL-13
stimulated the same magnitude of response. This result is also consistent with
results published using BOLL cells, where IL-13 induced proliferation and
CD23 expression in cells preactivated with anti-CD40 but not in cells
preactivated with anti-IgM (Fluckiger et al., 1994).
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Differences between anti-IgM activation and anti-CD40 stimulation of B
cells were also observed in experiments using B cells separated into high
density (resting) and low density (activated) populations. IgM induced greater
proliferation in the resting cells, whereas anti-CD40 induced greater
proliferation in the activated cells. However, the effects of IL-4 and IL-13 were
similar in both populations and in unstimulated cells, so no further conclusions
can be drawn about the relative roles of IL-4 and IL-13 in these cell
populations.
Activation experiments showed that both cytokines can increase surface
expression of activation markers such as surface IgM and CD23. However, a
difference between the two cytokines was observed in the dose response
experiments. Whereas a much higher dose of IL-4 (up to 0.5nM) was needed to
induce maximum surface CD23 expression than for maximum increases in IgM
expression (0.01-0.05nM only), the same dose of IL-13 (0.1 nM) was required
for maximum increase in both surface markers. The dose responses to IL-4 can
be explained if two IL-4 receptors are present on B cells. A previous study
suggested that IL-4 acts through a high affinity receptor to cause increases in
surface IgM expression and through a low affinity receptor to increase CD23
expression (Rigley et al., 1991). In contrast, the results obtained here with
IL-13 would suggest that the effects may be mediated through a single receptor
only.

The similarities between IL-4 and IL-13 described here are consistent
with a shared receptor or receptor component on human B cells. IL-13 does not

133
bind to the cloned IL-4 receptor, so the two cytokines cannot be both acting
through this receptor, but the two receptors might share a component. The
quantitative differences described here between the two cytokines may be
explained if IL-4 has a unique receptor not shared with IL-13 as as well as a
shared receptor component. This idea is supported by the finding that T cells,
which proliferate in response to IL-4, do not respond to IL-13, indicating the
presence of a receptor which is activated by IL-4 but not IL-13 (Zurawski and
de Vries, 1994; Banchereau, 1994). The nature of B cell receptors for IL-4 and
IL-13 is investigated further in chapter 4 using mutant IL-4 proteins and in
chapter 5 using antibodies to the IL-4 receptor.
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CHAPTER 4.

INHIBITION OF B CELL RESPONSES TO
IL-2, IL-4 AND IL-13 WITH MUTANT IL-4
PROTEINS.
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4.1. INTRODUCTION.

A powerful technique for investigating cytokine-receptor interactions is to
modify the cytokine by site-directed mutagenesis. This has been carried out
successfully using murine IL-2, and three regions on the molecule have been
identified which bind to the three receptor chains, a, p and y (Zurawski et al.,
1993a; Leder and Seldin, 1994). More recently, the same approach has been
applied to human IL-4, and mutants deficient in binding to and signalling
through the receptor have been produced (Kruse et al., 1991; Kruse et al.,
1992; Kruse et al., 1993; Leder and Seldin, 1994).
Analysis of IL-4 mutants has identified two potentially important sites for
receptor binding and signalling (Kruse et al., 1993). Site I is characterised by a
set of mutants which show reduced binding to the IL-4Ra chain. The binding
was most significantly reduced by substitutions of the arginine residues at
positions 9 and 88. Crystallography studies and molecular modelling have
placed these residues in close proximity at the base of alpha helices A and 0 of
the IL-4 molecule (see figure 1.5). Aminoacid substitutions at these positions
(R9D and R88D) resulted in reduced binding affinity for the IL-4Ra chain (up to
1000-fold reduced) as measured by Scatchard analysis (Kruse et al., 1993). In
functional assays, up to 1000 fold higher concentrations of R88D than wild type
IL-4 were required to cause maximum proliferation of T cells and CD23
expression in B cells (Kruse et al., 1993). Since mutations in this region
interfere with binding to the IL-4Ra chain, this indicates that the region of the

Binding of iL-4 m utants to thie chioins of thie IL-4 re c e p to r

R88D

70
R

Y 124D

70

136
IL-4 molecule at the base of a helices A and C is responsible for interactions
with the IL-4 receptor
Site II is characterised by mutations which alter the maximum response
to IL-4. The mutations are clustered around residues R121 and Y124, which is
located in a helix D of the IL-4 molecule (see figure 1.5). Molecules with
mutations in these positions still bind to the IL-4Ra chain with high affinity equivalent to that obtained with wild type IL-4 (Kruse et al., 1993). However,
the maximum responses obtained when these mutants are used in functional
assays (T cell proliferation and B cell CD23 expression) are much lower than
those obtained for wild-type IL-4 (Kruse et al., 1992; Kruse et al., 1993). These
mutants have been described as signalling mutants.
When residues in an analogous position in murine IL-2 were
investigated (Zurawski and Zurawski, 1994; Zurawski et al., 1993a), they were
found to mediate binding to the y chain of the receptor, which also forms part of
the high affinity IL-4 receptor as well as the receptors for IL-2, IL-7, IL-9 and IL15 (Noguchi et al., 1993a; Russell et al., 1993; Giri et al., 1994; Kimura et al.,
1995; Voss et al., 1993). Computer modelling studies of the IL-4 receptor have
suggested that the 121-124 region of the IL-4 molecule may interact with the yc
(Bamborough et al., 1994b). It has now been shown that ^^®l labelled
R121D/S125D will not crosslink the yc, indicating an interaction between the
amino acids 121-125 forming the signalling site on IL-4 and the yc(Duschl,
1995). This observation explains why site II mutants bind normally to the IL4R a chain but do not signal normally through the receptor.
The site II mutants including Y124D and R121D/Y124D inhibit B cell
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responses to IL-4, including surface marker expression, proliferation, antibody
production and switching to IgE (Aversa et al., 1993; Zurawski et al., 1993b;
Kruse et al., 1992). It has recently been shown that the mutant IL-4 protein
Y124D also inhibits the same B cell responses to IL-13 (Aversa et al., 1993).
In this study, IL-4 mutants impaired in binding to the IL-4Ra chain
(R88D) and the yc (Y124D and R121D/Y124D) were used in functional assays
to examine shared receptor components in the receptors for IL-2, IL-4 and
IL-13 on human B cells.
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4.2 RESULTS

4.2.1. MUTANT IL-4 PROTEINS ARE ABLE TO STIMULATE
PROLIFERATION OF HUMAN B CELLS.
Previous studies have shown that Y124D has some residual activity on
human B cells at high concentations but that the double mutant R121D/Y124D
is completely inactive, even though both molecules bind with normal affinity to
the IL-4Ra chain. In contrast, at high concentrations, the mutant R88D can
stimulate T cell proliferation and B cell CD23 expression, consistent with its
reduced binding affinity for the IL-4Ra chain (Kruse et al., 1993). To explain
and extend these preliminary studies, activity of the IL-4 mutants in B cell
proliferation assays in costimulation with anti-IgM and anti-CD40 was
compared. Proliferation assays were carried out in costimulation with
immobilised anti-IgM and soluble anti-CD40 (G28.5) as described in section
2.17.
Representative results from at least 3 experiments can be seen in
figures 4.1 and 4.2. Both IL-4 and IL-13 stimulated proliferation of human
tonsillar B cells, athough the response to IL-13 was consistently lower than that
obtained using IL-4. This was particularly obvious when the costimulator was
anti-IgM, where IL-13 responses were never more than 50% of the IL-4
responses in the same cells. B cell responses to IL-13 were more comparable
to the responses to IL-4 when G28.5 was used as a costimulator.
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Figure 4.1. Proliferation of human B ceils in response to IL-4 mutant
proteins compared to IL-4 and IL-13 in costimulation with anti-IgM.
Human tonsillar B cells (1x10® cells/ml) were cultured for 3 days with anti-IgM
beads at lOj^ig/ml + IL-4, IL-13, Y124D, R88D or R121D/Y124D at the range
of concentrations shown. Results are expressed as dpm ± 1 sem from
triplicate cultures.
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shown. Results are expressed as dpm ± 1 sem from triplicate cultures.
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Of the IL-4 mutant proteins, the binding mutant R88D stimulated the
greatest B cell proliferation, although maximum proliferation was not obtained
at lOnM, the highest concentration used in these experiments. At lOnM
concentration, the proliferation of B cells stimulated by R88D was still lower
than that obtained in response to IL-4, although it was approaching the levels
of proliferation obtained in response to IL-13. Some small differences in R88D
costimulation with anti-IgM and G28.5 were apparent. The concentration of
R88D required to cause proliferation was higher in assays using G28.5 (figure
4.2) than in assays with anti-IgM (figure 4.1). In addition the response with
R88D and anti-IgM was generally greater than the repense to R88D and G28.5.
These differences may reflect differing modes of activation by the two
costimulating antibodies.
The site II mutant Y124D also stimulated a low level of B cell
proliferation in costimulation with both anti-IgM and G28.5 (figures 4.1 and 4.2).
The response reached a maximum at 0.75-1 nM Y124D, which was equivalent
to concentrations required for maximum response to wild type IL-4. The
maximum response to Y124D was always less than the response to wild type
IL-4. In assays with anti-IgM, the magnitude of the maximum Y124D response
was similar to that obtained with IL-13. When assays were carried out with
G28.5, increases in the relative response to IL-13 meant that the response to
Y124D was significantly lower than the maximum response to IL-13. This was
important for the experiments described later showing inhibition of IL-13
response (section 4.2.2).
No significant increase in B cell proliferation was obtained with the
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double site II mutant R121D/Y124D over the concentration range used in the
experiment with either anti-IgM or G28.5. This result is consistent with the
absence of response found in other assays including T cell proliferation, and
indicates that the double substitution completely abrogated signalling, probably
by preventing interaction with the yc.

4.2.2. EFFECTS OF THE SITE II MUTANT Y124D ON B CELL
RESPONSES TO IL-2, IL-4 AND IL-13.
4.2.2.I. Effects of Y124D on B cell proliferation.
Y124D is a competitive inhibitor of IL-4 induced B cell proliferation,
surface marker expression and immunoglobulin secretion, and of T cell
proliferation (Aversa et al, 1993). To compare inhibition of IL-4 and IL-13
responses, proliferation assays were carried out using soluble G28.5 or
immobilised IgM as costimulators and Y124D was added at a range of
concentrations between 0-20nM. IL-4 and IL-13 were added at concentrations
previously determined to give maximum proliferation (0.4nM IL-4 and 2nM IL13). IL-2 was also added to the B cells in costimulation with anti-IgM, but these
experiments could not be repeated in costimulation with G28.5 due to low
stimulation of proliferation under these conditions. Cells were pulsed with I^C i
TdR for the last 8-12 hours of culture, harvested and counted on a Rackbeta
scintillation counter.
The results from two representative experiments are shown in
figures 4.3 and 4.4. Proliferation induced by 0.4nM IL-4 was inhibited by Y124D
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Figure 4.3. Effects of Y124D on B cell proliferation in response to IL-2,
IL-4, or IL-13 and anti-IgM. Human tonsillar B cells (1x10® cells/ml) were
cultured for 3 days with anti-IgM beads (10|_ig/ml) and IL-2 (0.16nM), IL-4
(0.4nM) or IL-13 (2nM). Y124D was added over the range of concentrations
shown. Results are expressed as dpm ±1 sem from triplicate cultures.
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Figure 4.4. Effects of Y124D on B cell proliferation in response to IL-4 or
IL-13 + G28.5. Human tonsillar B cells (1x10® cells/ml) were cultured for 3
days with G28.5 at 1|,ig/ml alone and with IL-4 (0.4nM) or IL-13 (2nM). Y124D
was added over the range of concentrations shown. Results are expressed
as dpm ± 1 sem from triplicate cultures.
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whether anti-IgM or G28.5 was used as the costimulating antibody. At the
highest concentrations of Y124D (lOnM), response to IL-4 and G28.5 was
reduced to background levels. In these experiments, background is defined as
the response to Y124D and the costimulating antibody. When anti-IgM was
used the response was only inhibited by approximately 50%.
Responses to IL-13 with G28.5 were also inhibited by Y124D (figure
4.4), although not to the same extent as the IL-4 responses and were never
reduced to background levels of proliferation even with up to lOnM Y124D. In
addition, a slightly higher concentration of Y124D was required to obtain
significant inhibition of the IL-13 responses than for the IL-4 responses.
Inhibition of responses to IL-13 in costimulation with anti-IgM was more difficult
to show because the IL-13 responses were only marginally greater than those
obtained with Y124D. This problem was overcome by using the double
signalling mutant R121D/Y124D in later experiments (see section 4.2.3). IL-2
responses with IgM as a costimulating antibody were not inhibited by 20nM
Y124D. This was expected since the IL-4Ra chain is not a component of the
IL-2 receptor and mutant binding to the IL-4Ra chain should not impair IL-2
responses.
In control experiments, Y124D did not inhibit B cell proliferation in
response to PMA (figure 4.5), which indicates that the inhibition is specific for
IL-4 and IL-13.
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Figure 4.5. Effects of mutant IL-4 proteins on proliferation in response to
PMA. Human tonsillar B cells (1x10® cells/ml) were cultured for 3 days with
PMA at 2ng/ml and Y124D, R121D/Y124D or R88D. Results are expressed
as dpm ± 1 sem from triplicate cultures.
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4.2.2.2. Effects of lOnM Y124D on a range of IL-4 and IL-13
concentrations.
Maximum inhibition of B cell responses in the previous section was
obtained using lOnM Y124D. In order to investigate the effects of changing the
IL-4 and IL-13 concentrations, the proliferation experiments were repeated
using lOnM Y124D and a range of concentrations of IL-4 and IL-13.
The results of a typical experiment (of three) are shown in figure 4.6. As
described in section 4.2.2.1, Y124D can inhibit B cell proliferation induced by
both IL-4 and IL-13 in costimulation with G28.5. When 0.4nM IL-4 was added,
the effect of Y124D was slightly reduced, as would be expected for a
competitive inhibitor. In experiments with IL-13, the effect of Y124D was also
reduced as the concentrations of IL-13 are increased.

4.2.2.3. Effects of Y124D on B cell surface marker expression induced by
IL-4 and IL-13.
To investigate possible inhibitory effects of Y124D on surface marker
expression in response to IL-4 and IL-13, activation assays were carried out by
the method described in section 2.2.5. Since surface marker expression is
dependent on IL-4 or IL-13 alone this assay avoided complications introduced
by the use of the different costimulating antibodies in the proliferation assays.
The expression of surface markers was dependent on IL-4 concentration
(section 3.2.1), so a range of concentrations of IL-4 and IL-13 were used in the
experiments. Y124D was used at lOnM, a concentration determined to give
significant inhibition of B cell proliferation (section 4.2.2.1). After 3 days culture.
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Figure 4.6. Y124D Inhibition of the dose response to IL-4 and IL-13.
Human tonsillar B cells (1x10® cells/ml) were cultured for three days with
G28.5 at Ijig/m l and with IL-4 at concentrations from 0-0.4nM and IL-13 from
0-4nM. The experiments were also carried out in the presence of lOnM
Y124D. Results are expressed as dpm ± 1 sem from triplicate cultures.
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the cells were stained with antibodies to CD23 or IgM and surface binding was
analysed on a FACScan using Lysis II software. Results of the experiments are
presented as the median fluorescence intensities.
As shown in figure 4.7, expression of CD23 was increased by both IL-4
and IL-13. Addition of lOnM Y124D clearly inhibited the CD23 expression
induced by IL-4. In the experiment shown, inhibition of CD23 expression in
response to 0.4nM IL-4 was approximately 50%, but in some experiments,
complete inhibition of the response to 0.4nM IL-4 was achieved. The increase
in CD23 expression induced by IL-13 was very small but consistent and was
also inhibited by lOnM Y124D. In all cases the inhibition of the IL-13 response
was less profound than the inhibition of IL-4, but could still be seen for lower
concentrations of IL-13. At higher concentrations of IL-13 (8nM), Y124D no
longer affected the CD23 expression induced by IL-13.
The effect of Y124D on IL-4 and IL-13 induced expression of surface
IgM (figure 4.8) was harder to interpret. Surface IgM was increased over
concentrations of IL-4 from 0.02-0.4nM, and this was inhibited in a dose
dependent manner by Y124D. Surface IgM expression was also marginally
increased by high concentrations of IL-13, but this could not be inhibited by
Y124D. However the response to IL-13 was very small (approximately 20% of
that seen with IL-4) and this made inhibition of the response very difficult to
detect.
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Figure 4.7. Effects of Y124D on B cell surface expression of CD23
induced by IL-4 or IL-13. Human tonsillar B cells (1x10® cells/ml) were
cultured for 3 days with IL-4 at 0nM-0.4nM or IL-13 at 0nM-4nM in the
presence and absence of lOnM Y124D indicated by the symbols. Cells were
stained with PE conjugated anti-CD23 monoclonal antibody and analysed on
a FACScan using Lysis II software. Results are expressed as MPI.
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4.2.3. EFFECTS OF THE SITE II DOUBLE MUTANT R121D/Y124D
ON IL-2, IL-4 AND IL-13 INDUCED B CELL PROLIFERATION.
The background stimulation obtained with Y124D in proliferation assays
meant that it was often difficult to assess the extent of inhibition of IL-13
responses, particularly in those assays which used anti-IgM as a costimulating
antibody. To avoid this problem, the double signalling mutant R121D/Y124D
was used, since no detectable proliferation was obtained with R121D/Y124D
and anti-IgM or G28.5 (figures 4.1, 4.2). Protocols for experiments were
identical to those used for proliferation assays with Y124D.
In costimulation with anti-IgM (figure 4.9), responses to IL-4 were
inhibited to background levels using lOnM R121D/Y124D. Proliferation in
response to IL-13 was also inhibited, but higher concentrations of
R121D/Y124D (up to lOOnM) were required than for’inhibition of IL-4
responses. IL-2 induced proliferation was not affected by the R121D/Y124D
mutant even at lOOnM. Similar results were obtained in assays using G28.5 as
a costimulator (figure 4.10). In this case, responses to both IL-4 and IL-13
could be inhibited to background levels when sufficiently high concentrations of
the inhibitor were used. Again a slightly higher concentration of R121D/Y124D
was required to inhibit responses to IL-13 than responses to IL-4.
In control experiments, the inhibitor was included in proliferation assays
with PMA, which is a non-specific activator of B cells (figure 4.5). Proliferation
induced by PMA was not inhibited by R121D/Y124D even at lOOnM
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Figure 4.9. Effects of R121D/Y124D on B cell proliferation in response to
IL-2, IL-4 or IL-13 in costimulation with anti-IgM. Human tonsillar B cells
(1x10® cells/ml) were cultured for 3 days with anti-IgM beads (10)_ig/ml) alone
or with IL-2 (0.16nM), IL-4 (0.4nM) or IL-13 (2nM). R121D/Y124D was added
at the range of concentrations shown. Results are expressed as dpm ± 1 sem
from triplicate cultures.
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Figure 4.10. Effects of R121D/Y124D on B cell proliferation in response
to IL-4 or IL-13 in costimulation with G28.5. Human tonsillar B cells (1x10®
cells/ml) were cultured for 3 days with G28.5 at 1ng/ml alone and with IL-4 at
0.4nM or IL-13 at 2nM. R121D/Y124D was added over the range of
concentrations shown. Results are expressed as dpm ± 1 sem from triplicate
cultures.
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concentrations, which indicates that the inhibition was specific for IL-4 and
IL-13.

4.2.4. EFFECTS OF THE SITE I MUTANT R88D ON B CELL
RESPONSES TO IL-2, IL-4 AND IL-13.
The R88D mutant is defective in binding to the IL-4Ra chain but
residues in site II are not affected so R88D should interact normally with the yc
chain. The inhibitory effect of this mutant on B cell responses to IL-4 and IL-13
was investigated using proliferation assays on tonsil B cells. Responses to IL-2
were included in the investigation since its receptor is known to contain the yc.
Assays were set up using both anti-IgM and G28.5 as costimulation agents. A
range of concentrations of R88D from 0-200nM for experiments using anti-IgM
and 0-20nM for experiments using G28.5 was used.
Figure 4.11 is representative of three experiments. R88D inhibited B cell
responses to IL-4 in costimulation with anti-IgM to a maximum using a
concentration of approximately lOOnM R88D. In contrast to the site II mutants
Y124D and R121D/Y124D, the IL-4Ra binding mutant did not inhibit IL-13
induced proliferation even at high concentrations. The proliferation induced by
IL-13 and that induced by R88D appeared to be additive, suggesting that the
two stimuli are acting on unrelated receptors or different subsets of B cells.
Significantly, B cell responses to IL-2 were inhibited by the R88D mutant.
Similar results were obtained using G28.5 as a costimulating agent
(figure 4.12). In these experiments, R88D inhibited B cell proliferation in
response to IL-4, but did not affect the response to IL-13. Lower concentrations
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Figure 4.11. Effects of R88D on B cell proliferation in response to IL-2,
IL-4 and IL-13 in costimulation with anti-lgM. Human tonsillar B cells
(1x10® cells/ml) were cultured for 3 days with anti-lgM beads at 10|.ig/ml alone
or with IL-2 (0.16nM), IL-4 (0.4nM) or IL-13 (2nM). Results are expressed as
dpm ± 1 sem from triplicate cultures.
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Figure 4.12. Effects of R88D on B cell proliferation in response to IL-4 or
IL-13 in costimulation with G28.5. Human tonsillar B cells (1x10® cells/ml)
were cultured for 3 days with G28.5 at 1i^g/ml alone or with IL-4 at 0.4nM or
IL-13 at 2nM. R88D was added over the range of concentrations shown.
Results are expressed as dpm ± 1 sem from triplicate cultures.
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of mutant protein were required to inhibit responses in costimulation with G28.5
(1-1 OnM) than were required to inhibit the responses in costimulation with antiIgM (lO-IOOnM). R88D specifically inhibited responses to IL-4 and IL-2 since it
did not affect proliferation in response to 2ng/ml PMA (figure 4.5).
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4.3. DISCUSSION

IL-4 and IL-13 are structurally related cytokines which also share many
biological functions. The results presented here show that B cell responses to
both IL-4 and IL-13 are inhibited by site II IL-4 mutant proteins (Y124D and
R121D/Y124D) which are defective in their interactions with the yc but that only
IL-4 responses are inhibited by site I mutants (R88D) which cannot bind to the
IL-4Ra chain.
The IL-4 mutants Y124D and R121D/Y124D bind normally to the IL-4Ra
chain but do not signal normally. Biochemical evidence and computer
modelling studies place site II in close proximity to the yc in the IL-4/IL-4R
complex. Similar studies with IL-2 mutants show that residues in a homologous
site (around position 141) are required for interactions with the yc. The results
suggest that Y124D and R121D/Y124D bind to the IL-4Ra chain but cannot
interact with the yc chain which is required for signal transduction. Since the
IL-4Ra chain is bound to mutant IL-4 in this non-functional complex, it is not
available for binding to IL-4 receptor complexes and the normal function of wild
type IL-4 is inhibited. Previous work with B cells has shown that IL-13
responses (eg CD23 induction and IgE secretion on B cells and proliferation of
the TF-1 cell line) can also be inhibited by Y124D (Aversa et al., 1993;
Zurawski et al., 1993b). However, the data from B cells is difficult to interpret
due to high residual activity of Y124D. The problem was overcome in this study
by the use of the double mutant R121D/Y124D which had no residual activity
on B cells. Use of R121D/Y124D clearly demonstrated inhibition of B cell
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responses to both IL-4 and IL-13. The fact that IL-13 is also inhibited by these
site II mutants implicates the IL-4Ra chain as a component of the IL-13
receptor.
It is known that IL-13 does not bind to the IL-4Ra chain expressed in
transfected cells but these observations can be explained by a model where
IL-13 binds to its receptor and this incorporates the IL-4Ra chain into a
complex as a non-binding component. Similar non-binding subunits have
previously been observed in receptors for other cytokines including IL-3 and
IL-6. Different sites of interaction of the IL-4Ra chain with IL-4 (or the IL-4
mutant proteins) and with an IL-13/IL-13R complex might explain why higher
concentrations of inhibitor are required for inhibition of IL13 responses. It might
also explain why the responses are never fully inhibited, since some
association of the IL-4Ra chain with the IL-13 receptor may be permitted in the
presence of Y124D.
Results obtained with the R88D mutant, which is impaired in binding to
the IL-4Ra chain, allow further predictions to be made about the IL-13 receptor.
The R88D substitution decreases the binding affinity for the IL-4Ra chain but
should still allow normal interactions with the Yc. Responses to IL-4 and IL-2
were both inhibited, suggesting that a complex formed by the yc and R88D
cannot form functional receptor complexes with either IL-4 or IL-2.
Sequestration of the yc chain may also be the mechanism of IL-4 inhibition of
IL-2 responses seen in some assays (Vazquez et al., 1991b; Vazquez et al.,
1991a; Nakanishi et al., 1994). In contrast, IL-13 was not inhibited by R88D,
consistent with the yc not forming part of the IL-13 receptor. As the IL-4Ra chain
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binds R88D with greatly reduced affinity.it should still be available for complex
formation with the IL-13 binding subunit of the IL-13 receptor.
This model implies that yc is not a component of the IL-13 receptor. A
similar conclusion has been reached from studies in renal cell carcinoma
(RCC) cell lines where IL-13 crosslinks a single protein of a similar size to the
Yc but which is not recognised by antibodies raised to the yc (Obiri et al., 1995).
The absence of the yc in the IL-13R has also been suggested in studies using
X-SCID patients which have mutations in the gene for yc (Matthews et al.,
1995). While no B cell responses to IL-2 were observed in these patients, the
cells will still respond to IL-4 and IL-13 in activation, proliferation and antibody
secretion assays. This suggests that IL-4 and IL-13 can stimulate B cell
responses in the absence of the yc chain and indicates the presence of another
receptor or receptor component. One suggestion is that this component for IL-4
as well as IL-13 is the IL-13 binding subunit of the IL-13 receptor. Recently, a
murine IL-13 receptor has been cloned and shown to associate with the IL-4Ra
chain (Hilton et al., 1996).
The results presented here provide evidence that the common effects of
IL-4 and IL-13 may be mediated through a common receptor, consisting of the
IL-4Ra chain complexed with an IL-13 binding chain. This receptor would not
contain the yc. The composition of the IL-13 receptor is investigated further in
chapters 5 and 6, by looking at the effects of anti IL-4R antibodies on cellular
responses to IL-13 and also investigating binding of IL-13 to the IL-4Ra chain.
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CHAPTER 5.

INHIBITION OF B CELL RESPONSES TO
IL-4 AND IL-13 WITH ANTIBODIES TO THE
IL-4 RECEPTOR.
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5.1. INTRODUCTION.

Results from the previous chapter indicated that the IL-4Ra chain might
be common to the IL-4 and IL-13 receptors. In order to investigate this
possibility further, antibodies to the IL-4 receptor were obtained from two
different sources. Antibodies to the IL-4Ra chain have been shown to block
IL-4 responses in various cell types. To investigate the contribution of the
IL-4Ra chain to the IL-13 receptor, these antibodies were tested for their ability
to block both IL-4 and IL-13 induced proliferation in human B cells. Another
antibody, raised against a low affinity IL-4 binding protein (Fanslow et al.,
1993), was also tested for its ability to inhibit B cell responses to IL-4 and IL-13
in proliferation assays.
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5.2. RESULTS.
5.2.1. EFFECTS OF ANTIBODIES TO THE IL-4Ra CHAIN ON B
CELL RESPONSES TO IL-4 AND IL-13.

Two antibodies to the cloned IL-4Ra receptor chain were used in the
experiments. One of these antibodies, M57, was used to define the cluster in
the 5th International Conference on Leukocyte Antigen Typing. It was originally
raised to the IL-4Ra chain and was reported to block IL-4 induced proliferation
of a CTLL cell line transfected with the human IL-4Ra chain (R. Armitage,
personal communication). The other antibody (s460) was also raised to the
cloned IL-4Ra chain and was reported to block both IL-4 and IL-13 responses
in leukaemic B cell lines (Renard et al., 1994). The effects of both of these
antibodies on B cell responses to IL-4 and IL-13 were investigated in
proliferation assays. Tonsillar B cells were incubated for 3 days with anti-lgM or
anti-CD40 (G28.5) and IL-4 or IL-13 as described previously (section 2.2.6).
Antibodies to the IL-4Ra chain were added at a starting dilution of 20pg/ml and
doubling dilutions were performed to obtain a dosdresponsecurve.
Figures 5.1 and 5.2 show inhibition of IL-4 and IL-13 responses by the
s460 antibody. B cell responses to IL-4 are clearly inhibited whether anti-lgM
(figure 5.1) or anti-CD40 (figure 5.2) was used as a costimulating antibody. The
response to IL-13 and anti-CD40 was also inhibited by s460. Only a low level of
inhibition of the response to IL-13 and IgM was observed (24%) but this was
consistent over three experiments.
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Figure 5.1: s406 inhibition of B cell proliferation in response to IL-4 or IL-13 with anti-lgM. Human tonsillar B cells (1x10®
cells/ml) were cultured for three days with anti-lgM beads (lOpg/ml) and IL-4 at 0.4nM (A) or IL-13 at 2nM (B). The anti-IL-4Ra
antibody s406 was added over the range of concentrations shown. Results are expressed as dpm ± 1 sem from triplicate cultures.
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Figure 5.2: s406 inhibition of B cell proliferation in response to IL-4 or IL-13 with G28.5. Human tonsillar B cells (1x10®
cells/ml) were cultured for three days with G28.5 (1|.ig/ml) and IL-4 at 0.4nM (A) or IL-13 at 2nM (B). The anti-IL-4Ra antibody
s406 was added over the range of concentrations shown. Results are expressed as dpm ± 1 sem from triplicate cultures.
8?

167
The percentage inhibition for each set of conditions was calculated and
is shown in table 5.1. In all cases, the inhibition of the response to IL-4 was
greater than the inhibition of the response to IL-13 (up to 88% of the response
to IL-4 and anti-CD40 compared to 56% of the response to IL-13 and antiCD40). Also the inhibition of both IL-4 and IL-13 responses in costimulation
with anti-CD40 was greater than in costimulation with anti-lgM over 3
experiments. This is consistent with results obtained in chapter 3, suggesting
different signalling pathways through anti-lgM and anti-CD40. It also appears
that although maximum inhibition of the IL-4 responses was obtained using 5lOpg/ml s460, maximum inhibition of the IL-13 responses was not achieved at
20pg/ml, the top concentration used in the experiment.
Inhibition of responses to IL-4 and IL-13 was also obtained with M57
(figures 5.3 and 5.4) although the M57 antibody was a consistently less
efficient inhbitor than the s460 antibody. Higher concentrations of M57 than
s460 were required to inhibit responses to IL-4 with the plateau of the graph not
reached at 20pg/ml, the highest concnetration used in the experiment. At
20pg/ml M57, inhibition of the response to IL-4 in costimulation with G28.5 was
more profound (49%) than the inhibition of the response in costimulation with
anti-lgM (33%).
Responses to IL-13 in costimulation with G28.5 were also inhibited using
M57 (figure 5.4) but inhibition of the responses was only 20% at 20pg/ml of
M57 (table 5.1). Results obtained with IL-13 and anti-lgM are less clear (figure
5.3) and in some experiments it was hard to demonstrate any inhibition due to
the low proliferation obtained. Inhibition of the B cell responses to IL-13 was
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Table 5.1: Percentage inhibition of B cell response by antibodies to the
IL-4Ra chain.

M57

s406

IL-4 + anti-CD40

49%

88%

IL -13+ anti-CD40

20%

56%

IL-4 + anti-lgM

33%

70%

IL-13 + anti-lgM

23%

24%

Inhibition was calculated as the difference between control proliferation
(no antibody) and proliferation in the presence of 20pg/ml antibody. Percentage
inhibition was calculated as a percentage of the control value.
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always less than inhibition of the responses to IL-4 using the same
costimulating antibodies.

5.2.2. EFFECTS OF ANTIBODIES TO A LOW AFFINITY IL-4
BINDING PROTEIN ON B CELL RESPONSES TO IL-4 AND IL-13.
It has been observed that some cell lines, particularly the pre-B cell line
JM-1, show low affinity binding of IL-4, but do not express mRNA for the IL-4Ra
chain (Fanslow et al., 1993). When this cell line was investigated further, a low
affinity IL-4 binding protein was identified and purified (Fanslow et al., 1993).
The molecule runs on a polyacrylamide gel with an apparent molecular weight
of 75-85KDa. A small portion of the N terminus (17 residues) has been
sequenced and shows no significant homology to any known protein. A protein
of similar size and affinity for IL-4 has also been identified on other B cell types,
including those isolated from tonsils and peripheral blood (Foxwell et al., 1989;
Zuber et al., 1990).
A rabbit antiserum (JM1-P1) has been raised to a 17 aminoacid peptide
from the protein obtained from JM-1 cells (R. Armitage, Immunex). The
antiserum identifies a protein of the 75KDa from the JM-1 cells in
immunoprécipitation experiments. IL-4 inhibits the proliferation of JM1 cells and
this effect can be blocked by the JM1-P1 antiserum, but its effects on IL-4
responses in B cells have not been investigated.
Proliferation assays were carried out as described previously using
anti-CD40 as a costimulating antibody, and doubling dilutions of the antiserum
or normal rabbit serum as a control were carried out. The results in figure 5.5
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Figure 5.5: Effects of JM1-P1 antiserum on B cell proliferation in response
to IL-4 or IL-13 with G28.5. Human tonsillar B cells (1x10® cells/ml) were
cultured for three days with G28.5 (Ipg/m l) and IL-4 (0.4nM) or IL-13 (2nM)
where indicated by the symbols. The JM1-P1 antiserum or normal rabbit serum
were added over the range of concentrations shown as indicated by the
symbols. Results are expressed as dpm ± 1 sem from triplicate cultures.
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show that at dilutions of 1:100 or less the control antiserum and the JM1-P1
antiserum inhibited B cell responses to IL-4 and IL-13. The JM1-P1 antiserum
had no specific inhibitory effect greater than the non-specific effects obtained
using normal rabbit serum. The results suggested that some factor present in
rabbit serum could inhibit B cell responses to IL-4 and IL-13.
The non-specific inhibition by JM1-P1 and NRS could be masking any
inhibition of IL-4 responses due to antibody binding to the IL-4 receptor. In
order to remove the contaminating inhibitory factor from the rabbit serum, the
IgG was purified from the two sera by FPLC using a protein G column. The
serum was passed down the column in buffer at neutral pH, allowing the
antibodies to bind to the protein G and the contaminating proteins to be
washed through (figure 5.6, peak #1 ). The antibodies were then eluted from the
column using a buffer at pH 2.7, which disrupts the antibody binding to the
protein G (figure 5.6, peak #2). Concentrations of antibody were measured
using a spectrophotmeter at 280nm, and purity was checked by electrophoresis
on a reducing gel. Proteins were visualized using Coomassie Blue staining
(figure 5.7). Bands can be seen at 50KDa which corresponds to IgG heavy
chains and 25KDa which corresponds to the light chains. A faint band can also
be seen at 100 KDa which probably consists of unresolved heavy chain dimers.
No other contaminating proteins can be seen, compared to a large number of
bands in the unseparated sera.
The proliferation experiments were then repeated using the purified
antibody fractions. The experiments were carried out in costimulation with
anti-lgM or anti-CD40. After purification, no inhibition of the proliferation

CO

ELUTION

AD D IT IO N

T IM E

Figure 5.6: Elution of protein fractions from FPLC column. The sera were injected onto the protein G column in PBS at the
point indicated by the first arrow (addition). Absorbance of the proteins was measured with an on-line absorbance monitor set at
280nM. Peak A shows the elution of the non-bound proteins from the column. After the trace had returned to baseline, the buffer
was changed to 10mM TrisHCI pH 2.6 for elution of the bound proteins (indicated by the arrow marked elution). Peak B shows the
the elution of the bound antibody fractions from the column.
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depleted. Tracks 2 and 9 are molecular weight markers (sizes indicated) and
tracks 1 and 10 show BSA, one of the major contaminants of serum protein.
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in response to IL-4 or IL-13 was obtained with IgG from normal rabbit serum
showing that the inhibitory protein had been removed (figures 5.8 and 5.9).
However, even at a 1:4 dilution of the JM1-P1 antiserum, no inhibition of the
proliferative response was seen. As a polyclonal serum, the JM1-P1 contains a
mixture of antibodies and it is possible that insufficient high affinity blocking
antibodies to the IL-4 binding protein were present to affect responses. Due to
the small quantity of reagent available, the sample could not be concentrated
further or subjected to further purification steps to increase the amounts of
antibodies specific for the IL-4 binding protein.
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Figure 5.8. Effects of purified JM1-P1 antiserum on B cell proliferation in
costimulation with IL-4 or IL-13 and anti-lgM. Human tonsillar B cells (1x10®
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5.3. DISCUSSION.

The results presented here clearly show that antibodies to the IL-4Ra
chain inhibited B cell responses to IL-13 as well as IL-4. This implicates the
IL-4Ra chain as a component of the functional IL-13 receptor.
The inhibition of B cell responses to IL-4 by both antibodies is greater
than the inhibition of IL-13 responses. This might indicate a different
mechanism of inhibition for each cytokine. When the antibodies bind to the
IL-4Ra chain they completely block the ability of IL-4 to bind and signal through
the IL-4 receptor. This cannot be the mechanism by which the antibodies inhibit
the IL-13 responses as IL-13 does not bind to the IL-4Ra chain (Zurawski et al.,
1993b). Instead, the antibodies may inhibit the association of the IL-4Ra with
another subunit of the IL-13 receptor.
Although both antibodies significantly inhibited B cell responses to IL-4,
only the s460 showed good inhibition of IL-13 responses, especially in
costimulation with IgM. This can also be explained by a model where IL-4 and
IL-13 act through different sites on the IL-4Ra chain. The s460 epitope would
be important in both the IL-4 and the IL-13 receptor, thus responses to both
cytokines are inhibited by the antibody. The epitope recognised by the M57
antibody may be closer to an important site for binding to the IL-4 receptor than
for the IL-13 receptor, so that the responses to IL-4 are inhibited more
significantly by this antibody.
The antibody to the low affinity IL-4 binding protein did not inhibit the
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proliferation of B cells at the concentrations used in the experiment. This might
simply indicate that the concentration of antibody in the serum was too low to
affect the proliferation of B cells in response to IL-4 and IL-13. However, if the
antiserum is binding to a low affinity IL-4 receptor, this might indicate that this
receptor is a novel receptor, unrelated to either the cloned IL-4 receptor or the
IL-13 receptor. Since the JM1-P1 antiserum does bind to B cells (K. Kotowicz,
unpublished data), the protein must be expressed on B cells, but may not
activate signals required to cause IL-4 induced proliferation.
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CHAPTER 6.
BINDING OF IL-2, IL-4 AND IL-13 TO THE
IL-4Ra CHAIN INVESTIGATED USING
BIATECHNOLOGY™.
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6.1. INTRODUCTION.

The results presented in the previous chapters suggest that IL-4 and
IL-13 both share the IL-4Ra chain, but Scatchard analysis has revealed no
binding of IL-13 to this receptor subunit (Zurawski et al., 1993b). In order to
investigate this further, Biomolecular Interaction Analysis (BIA'^^) was
employed. Since the technique is relatively new, this chapter will include a brief
introduction to the principles used. The BIAcore^^ uses surface plasmon
resonance (SPR) technology to measure biomolecular interactions in real time.
Surface plasmon resonance is a property of thin metal films, and produces a
change in the intensity of light reflected from the surface of the metal. The
magnitude of this change is dependent on several factors, including the
refractive index of the medium close to the non-reflective side of the metal.
A schematic diagram of the BIAcore^^ machine is included in figure 6.1.
Measurements of SPR take place on the sensor chip. This consists of a glass
slide coated with a gold film, to which a dextran matrix is covalently attached.
The SPR of the gold film is affected by the properties of the dextran matrix.
Changes in the dextran surface are detected as changes in the reflection of the
laser light by the gold surface, and measured in resonance units (RU). This can
be used to measure concentrations of protein on the surface of the dextran,
since a change in surface concentration of 1ng/mm^ corresponds to a change
of 1000 RU.

FIGURE 6.1; The Biacore biosensor.
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To measure molecular interactions, one of the proteins of interest is
immobilized to the dextran and a background level of RU measured. The
dextran surface allows binding of proteins activated through various sites,
including direct binding of amide groups after activation with
N-hydroxy-succinamide. It can also be modified by the addition of streptavidin,
to allow binding of biotinylated ligands (shown in figure 6.1).
The interacting protein flows over the ligand coupled to the dextran
surface of the chip in free solution. As binding occurs, the concentration of the
protein in the surface layer of the dextran changes, resulting in a change in RU
which can be followed in real time. The buffer is then changed to a
physiological buffer, and as the unbound ligand is removed from the flow cell,
the bound ligand begins to dissociate and the RU decrease. These changes in
RU are plotted against time and presented as a sensorgram. To regenerate the
chip, a buffer is passed through the flow cell that will remove the ligand from
the immobilized protein but not the immobilized protein from the dextran
surface.
Since the measurements are perfomed in real time, the sensorgrams
obtained for association (binding to the immobilized molecule in the presence
of excess free ligand) and dissociation (dissociation of the ligand in the
absence of free ligand) can be used to calculate association and dissociation
rates for the reaction. These can then be used to calculate association and
dissociation constants for the interaction. The constants are defined in figure
6.2.
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FIGURE 6.2; Definition of kinetic constants for analysis of
Biacore™ data.
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The Biacore^^ has been successfully used to measure many receptorligand interactions, including that of IL-6 with its immobilized receptor (Ward et
al., 1994). In order to further investigate IL-13 binding to the IL-4Ra chain,
purified recombinant IL-4Ra protein (obtained from R. Armitage, Immunex) was
immobilized to the dextran chip and binding of various ligands was measured.
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6.2. RESULTS.

Purified IL-4Ra protein (provided by R. Armitage, Immunex) was
biotinylated and immoblized on a streptavidin conjugated Biacore^^ chip, since
this method has been used successfully for investigations of CD40-CD40L
interactions (R. Armitage, personal communication). The protein was bound to
the chip at a concentration of lOOpg/ml, as recommended in the Biacore^^
Handbook (Pharmacia). All reagents were added in MBS buffer (Pharmacia). All
reagents were introduced at a flow rate of Spl/minute and association was
allowed to proceed for 3 minutes before changing the buffer and allowing
dissociation to occur. All cytokines were added at a range of concentrations
from 6.25-1 OOnM to allow for kinetic analysis of a range of data.
The experiments were initially carried out with IL-4. The sensorgrams
(figure 6.3) clearly show binding of IL-4 to the IL-4Ra chain. The highest
concentrations of IL-4 show a rapid association phase (indicated by A) which
reached binding equilibrium in the time allowed for the experiment and a slow
dissociation phase (indicated by B), typical of strong binding of a ligand to its
receptor. At lower concentrations of IL-4 (less than 50nM), the association
phase was a straight line and no equilibrium was reached. This type of curve is
obtained when mass transport limitations are occurring.
Mass transport occurs when the ligand is bound very quickly and
removed from solution, which decreases the concentration of the ligand in
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Figure 6.3: Measurement of IL-4 binding to the IL-4Ra chain. IL-4Ra protein was immobilized to the chip via
biotin-streptavidin coupling and IL-4 (200-6.25nM) was passed through the flow chamber at a flow rate of 5pl/min.
After 3 minutes, the flow was switched to MBS and dissociation was allowed to proceed for 8 minutes before
regeneration of the chip with 10mM NaOH (not shown). The association phase of the curve is indicated by A and
the dissociation phase by B.
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close proximity to the receptor. More ligand will diffuse from the solution further
from the receptor, but for a large protein ligand such as IL-4, this will take a
significant length of time. For this length of time, the reaction is not limited by
concentration but by rate of diffusion. This means that any kinetic constants
derived from these experiments will reflect diffusion time as well as association
or dissociation rates.
The experiments were also carried out using the IL-4 signalling mutants
Y124D and R121D/Y124D, which have been reported to bind to the IL-4Ra
chain with almost the same affinity as IL-4. The results from these experiments
are shown in figures 6.4 and 6.5. The sensorgrams clearly indicate binding of
the mutant IL-4 proteins to the IL-4Ra chain, although as expected, the same
problems with mass transport limitation occur at concentrations below SOnM.
The sensorgrams look similar for all three molecules, which indicates that
binding to the IL-4Ra chain is the same for IL-4 and the site II signalling
mutants. The IL-4 binding mutant R88D was also included in the experiments,
but this showed no significant binding to the IL-4Ra chain over the range of
concentrations used (figure 6.6).
Kinetic constants were calculated for IL-4, Y124D and R121D/Y124D
binding to the IL-4Ra chain and are shown in table 6.1. In all cases, constants
calculated from the lower concentrations of cytokine were discarded due to
mass transport limitations. The dissociation constants obtained for IL-4, in the
range 800-1000pM '\ are in reasonable agreement with data obtained from
Scatchard analysis, 300pM'^ (Kruse et al, 1993). Constants calculated for the
mutants are also in close agreement with previous determinations, Y124D in
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Table 6.1: Kinetic constants for binding to the IL-4Ra chain.
A: Binding of IL-4

Concentration

Rate constants

Equilibrium constant

(K

d)

from BIAcore

from previous

K ass

K diss

experiments

binding data

200nM

1.07x10®

9.16x10""

8.56x10"®

1x10'"®

lOOnM

1.58x10®

8.22x1 O'"

5.2x10'"°

50nM

0.81x10®

8.25x10""

1.01x10'®

B: Binding of Y124D

Concentration

Rate constants

Equilibrium constant

(K

d)

from BIAcore

from previous

K ass

K dis*

experiments

binding data

200nM

3.34x10®

7.97x10""

2.39x10'"®

3.2x10'"®

lOOnM

3.45x10®

2.29x10'®

6.64x10'"®

SOnM

5.38x10®

2.73x10®

5.07x10'"®

C: Binding of R121D/Y124D

Concentration

Rate constants

Equilibrium constant

(K

d)

from BIAcore

from previous

Kass

K diss

experiments

binding data

200nM

2.64x10®

3.05x10®

1.16x10'"®

3x10'"®

1G0nM

3.91x10®

2.98x10®

7.62x10'"®

SOnM

4.13x10®

3.15x10®

7.63x10'"®

The experiments using IL-2 also acted as a solvent control, to measure the
effects of passing a non-binding protein over the surface of the sensor chip.
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the range 230-500pM*^ and R121D/Y124D in the range 750-1 OOOpM'V These
numbers are all within a 10-fold range and are in good agreement with receptor
binding studies showing that the mutations around 121-125 on the IL-4
molecule do not affect binding to IL-4Ra.
The experiments were also carried out using IL-2 as a negative control
y
since this is known not to bind to the IL-4Ra chain. The sensorgrams are
shown in figure 6.7. The small change in resonance units seen is due to the
change in buffer in the cell when the IL-2 was added. Since the cytokine was
diluted in MBS running buffer, as the concentrations of cytokine decreased, the
change in concentration of the buffer became smaller and the change in
resonance units due to the buffer change also decreased. The sensorgram
obtained was typical of the result expected when no binding was occurring.
IL-13 was also added to the sensor chip under exactly the same
conditions as IL-2 and IL-4 (figure 6.8). The same change in buffer
concentration as observed with IL-2 meant that the resonance units increased
by a small amount, especially at high concentrations of IL-13. At concentrations
sufficient to show good binding of IL-4 to the IL-4Ra chain, no binding of IL-13
could be seen. This again agreed with results obtained by receptor binding
studies which show that IL-13 is unable to bind to the IL-4Ra chain (Zurawski
et al., 1993b). Since no binding to the IL-4Ra chain could be seen for either
IL-2 or IL-13, no kinetic analysis could be carried out on these samples.
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6.3. DISCUSSION.

The results presented in chapters 4 and 5 have indicated that the IL-4Ra
chain may be the common component of the IL-4 and IL-13 receptors.
However, Scatchard analysis has shown no binding of IL-13 to the IL-4Ra
chain in murine cells transfected with this chain (Zurawski et al., 1993b). In this
chapter, interactions between the IL-4Ra chain and IL-13 were investigated
using BIA technology‘s^. When the IL-4Ra chain is immobilized to a BIAcore's^
chip, IL-4 is able to bind with similar affinity to that calculated from Scatchard
analysis. No binding of IL-13 to the IL-4Ra chain could be seen in these
experiments.
This does not rule out the IL-4Ra chain as a component of the IL-13
receptor. A model can be proposed where IL-13 binds to one receptor chain
and a change in conformation then allows binding of the IL-4Ra chain and
formation of a functional IL-13 receptor complex. This has been previously
observed for the IL- 6 receptor complex, where IL- 6 binding to the IL- 6 binding
chain allows association with the gp130 chain and signalling through the
receptor. In principle, the model could be tested using the BIAcore™. If IL-13
was allowed to associate with the proposed IL-13 binding chain (for example by
preincubation with B cell membrane extracts) before passing over the BIAcore™
chip, this might allow association with the IL-4Ra chain. Similar experiments
have been carried out using purified IL-6 R and gp130, and have proved an
association between the chains in the presence of IL- 6 (Ward et al., 1994).
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The BIAcore^^ can also be used to calculate rates of reaction for ligand
binding. Such rates were calculated for IL-4 and for the site II signalling
mutants Y124D and R121D/Y124D. The constants obtained show good
agreement with those obtained from Scatchard plots, and indicate that
mutations in site II of the IL-4 molecule do not affect binding to the IL-4Ra
chain.
At lower concentrations, all of the kinetic constants obtained are affected
by the mass transport limitations of the system, described in the results section.
This is due to an excess of ligand binding sites compared to the amount of
ligand available and meant that the association and dissociation rates could not
be calculated accurately. This limitation could be avoided by increasing the
concentrations of the cytokine, or by decreasing the amount of IL-4Ra protein
bound to the sensor chip. However, increasing the cytokine concentrations
becomes expensive and decreasing the number of ligand binding sites lowers
the total RU change obtained in the experiment and introduces further
inaccuracies. The kinetic constants obtained here were in good agreement with
those from Scatchard analysis. Also, the most important question to be asked
by the experiments - whether IL-13 would bind to the IL-4Ra chain - was clearly
answered by the results obtained. Due to these considerations, further
experiments to fully characterize the kinetics of the interactions were not
carried out.
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CHAPTER 7.
A COMPARISON OF INTRACELLULAR
SIGNALLING PATHWAYS ACTIVATED BY
IL-4AND IL-13.
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7.1. INTRODUCTION

In order to elicit functional effects on cells, the binding of a ligand to its
receptor on the cell surface causes a signalling cascade in the cell, including
production of molecules known as second messengers (eg IP3 or cAMP) and
phosphorylation and activation of specific signalling proteins. Phosphorylation
of proteins occurs on serine or threonine residues, catalysed by
serine/threonine kinases (eg PKA or PKC), and also on tyrosine residues,
catalysed by protein tyrosine kinases (PTK). Recently, phosphorylation of
various proteins on tyrosine residues has been allocated a vital role in
signalling the effects of many growth factor and cytokine receptors. This
commonly occurs either through intrinsic tyrosine kinase activity of the
receptors or association of the receptors with a range of cytoplasmic tyrosine
kinases.
The IL-4 receptor has no intrinsic tyrosine kinase activity but at least two
cytoplasmic tyrosine kinases, JAK-1 and JAK-3, are activated in response to
IL-4 (Bazan, 1990b; Garrett et al., 1992; W itthuhn et al., 1994; Cohen et al.,
1995). JAK kinases are important in signalling through many cytokine
receptors, including IL-2, IL-7 and IFNa (Powers et al., 1993). Subsequently,
many other proteins are phosphorylated on tyrosine, summarised in figure 7.1.
Included are the related proteins, IRS-1 and IRS-2, with molecular weights of
around 170KDa (Wang et al., 1992; W ang et al., 1993). IRS-1 is also
phosphorylated in response to signalling through the insulin receptor, and has
been implicated in activation of the MAP kinase
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Table 7.1. Proteins phosphorylated on tyrosine in response to IL-4.

Names in bold indicate those proteins also phosphorylated in response to
IL-13.

PROTEIN

SIZE

EFFECTS OF PHOSPHORYLATION

(KDa)

IL-4Ra chain

140

binding of SH-2 domains in
associated proteins?

IRS-1/IRS-2

170

recruitment of PI-3-K and Grb-2
tyrosine kinase

120

JAK-1

tyrosine kinase
phosphorylates STAT proteins

120-125

JAK-3

tyrosine kinase
phosphorylates STAT proteins

fes

92

tyrosine kinase

fyn

59

tyrosine kinase

100

nuclear transcription factor

110-130

nuclear transcription factor

STAT

6

NF.IL-4

(IL-4.STAT)

transcription of MHCII, FceRI
and Rll, Gy and C&
c-fos

62

transcription factor
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signalling pathway. However, this pathway is not activated in response to IL-4,
so other signals must also be required which are generated in response to
insulin but not IL-4 (Powers et al., 1992b). Alternatively, IRS-2 may be the
major substrate phosphorylated in response to IL-4 and may be unable to
activate the MAP kinase pathway (Welham et al., 1995)
The final step in the early signalling cascade is the activation of
transcription factors, which stimulate transcription of the genes and production
of proteins responsible for the downstream effects of IL-4 on the cells. Several
transcription factors have been implicated, including members of the STAT
family, commonly associated with signalling through JAK proteins (Kotanides
and Reich, 1993; Hou et al., 1994; Schindler et al., 1994). The connections
between tyrosine phosphorylation events at the membrane in response to IL-4
and activation of transcription factors have not been fully elucidated, but could
concievably include further tyrosine phosphorylation events.
Signal transduction after binding of IL-4 to its receptor has also been
shown to involve release of intracellular IP3 and increased levels of cAMP
(Finney et al., 1990). The biochemical pathways leading to the generation of
these molecules are described fully in the introduction (section 1.6.4.).
Involvement of both IP3 and cAMP is unusual in signalling pathways, since the
two molecules tend to have opposing effects in many cells. However,
generation of cAMP in réponse to IL-4 is dependent on the calcium release
caused by IP3 (Rigley et al., 1991). This indicates a cooperative action between
the two messengers in activating B cell responses to IL-4. Experiments have
been carried out to mime this pathway using phorbol esters to activate PKC,
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with a calcium ionophore to mimic the IP3 induced increases in calcium,
followed 10 minutes later by addition of dibutyryl cAMP (which is able to cross
cell membranes). Under these conditions, some of the normal responses to
IL-4 (eg surface expression of CD23) can be observed, but others (eg increase
in surface expression of IgM) are absent (Rigley et al., 1991). This suggests
the requirement for another signalling pathway, which is most likely to involve
the tyrosine phosphorylated proteins described above.
Very little is known about the signal transduction pathway activated by
IL-13 in B cells. JAK-1 and tyk-2 are activated in response to IL-13, but JAK-3
is not (Welham et al., 1995). IL-13 can also cause increased phosphorylation of
some of the same proteins as IL-4, including IRS-2, the IL-4Ra chain and two
of the same transcription factors, NF.IL-4 and STAT - 6 (Smerz Bertling and
DuschI, 1995; Kohler et al., 1994). In monocytes, IL-13 causes increased
production of IP3 and calcium, followed by delayed increase in cAMP but no
data is available about second mesenger generation by IL-13 in human B cells
(Sozzani et al., 1995). In view of the evidence for a shared receptor component
for the two cytokines, a shared signalling pathway would be expected.
However, IL-4 is also proposed to bind a unique receptor consisting of the IL4R a chain and the yc chain, and signalling through this receptor, especially the
Yc associated components, might be unique to IL-4. Investigation of shared
signalling pathways between the two cytokines should help to more clearly
define which components of the signalling pathway occur due to stimulation of
the shared IL-4 and IL-13 receptor (IL-4Ra and IL-13 binding chain) and which
are unique to IL-4 (through a receptor composed of the IL-4Ra and yc chains).
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To investigate the possible shared pathways of signal transduction
between the cytokines, experiments were carried out to compare activation of
PTK, and generation of IP3 and cAMP in human B cells stimulated with IL-4 and
IL-13.
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7.2. RESULTS.

7.2.1. IP3 GENERATION BY HUMAN B CELLS.
7.2.1.1. Development of the assay.
IP3 was measured using a competitive binding assay. The assay is
available as a kit, but a protocol has been published enabling the assay to be
set up using a binding protein present in membranes of bovine adrenocortical
cells (Palmer and Wakelam, 1990). Due to the high cost of the kit, it was
decided to use the published protocol. Bovine adrenal glands were obtained as
a starting material (Ziffs Meats Ltd, Bow) and microsomes containing the IP3
binding protein were prepared as described in the Materials and Methods
(section 2.2.15). Each preparation of IP3 binding protein was tested by setting
up a standard curve as described below.
Measurement of IP3 was carried out using a competition binding assay.
Binding of

labelled IP3 to the IP3 binding protein was competitively inhibited

using known concentrations of unlabelled IP3 . Bound IP3 was separated from
the free molecule by a centrifugation step which pelleted the microsomes but
left the free labelled and unlabelled IP3 in suspension. The supernatent was
discarded and the pellet containing the bound IP3 counted on a scintillation
counter. A standard curve was constructed showing the amount of labelled IP3
bound to the protein at various concentrations of unlabelled competitor (figure
7.1). Amounts of IP3 per tube in picomoles were plotted against the amount of
labelled IPsas %B/Bo, where Bo is the maximum specific binding (i.e. cpm

206

100 n

80 -

60 %B/B,

40

20

-

0

1

0.01

0.10

1-------

1.00

10.00

amount of IP3 per tube (pmoles)

Figure 7.1. Standard curve fo r IP3 determ ination. Samples were set up
containing IP3 binding protein (25pl),

IP3 (25pl), assay buffer (25pl) and 25pl

of a known concentration of unlabelled IP3 competitor from 0nM-250nM.
Incubations were carried out for 2 hours. Results were expressed as mean of 2
samples, calculated using the formula shown in the text.
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bound at 0 pmoles of unlabelled IP3 - NSB), B is the specific binding (i.e. cpm
bound at a given concentration of unlabelled IP3 - NSB) and NSB is the non
specific binding. In order to calculate the amounts of IP3 generated in cells,
such amounts must fall on the straight line portion of the curve. Concentrations
of IP3 obtained from B cells in published data indicated that the range of the
assay was sufficient to measure amounts generated from both unstimulated
and stimulated cells.
The optimal incubation time for the binding assay was ascertained in
experiments carried out over a range of times from 5 minutes to 2 hours. Tubes
were set up containing labelled and unlabelled IP3 at single concentrations with
the IP3 binding protein preparation. Three different tubes were set up,
represented by the three lines on the graph (figure 7.2) and at various times,
two aliquots of the incubation mixture were removed from each tube and the
amounts of bound IP3 measured by scintillation counting. The results are
shown in figure 7.2. After approximately 5 minutes, the counts obtained in each
incubation reached a steady level, indicating that the binding equilibrium had
been reached. No significant loss of binding occurred if the incubations were
continued for up to two hours. All assays using cellular samples were incubated
for 1-2 hours before centrifugation and assay to ensure that binding equilibrium
was reached and that an accurate measurement of the IP3 concentration of the
samples could be obtained.
The binding assay is pH sensitive as shown in figure 7.3. The optimal
pH for the binding was approximately pH 9. Due to the small volumes in the
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assay, the buffer used was not efficient, so all samples needed to be close to
neutral in order to maintain this pH for the binding assay.

7.2.1.2. IPs generation by human B cells in response to IL-4 and IL-13.
Cellular extractions of IP3 from tonsil cells were perfomed using PGA
extraction and neutralized with KOH/HEPES containing a small quantity of
Universal Indicator (Ul). Cell stimulations were initially carried out in RPMI
culture medium with HEPES but this proved difficult to neutralise accurately
and in later experiments HBSS, which contains a stronger buffer, was used with
more accurate results. Experiments were carried out using tonsil B cells
activated with IL-4 at 2nM or anti-IgM Fab fragments at 25pg/ml. Cells
stimulated with anti-IgM were used as a positive control since this is reported to
cause large increases in IP3 in human B cells. The results (figure 7.4) showed a
different pattern of activation for the two reagents. In response to soluble antiIgM, the IP3 content of the cells increased at about 50-60 seconds and then
returned to background by approximately 90 seconds. In contrast, after
stimulation with IL-4, a biphasic response was observed. IL-4 caused an early
increase in IP3 peaking at approximately 30 seconds but also a delayed
increase which peaked at approximately 2 minutes and was only beginning to
return to background levels by the end of the timecourse. The biphasic nature
of the response was reproducible over 3 experiments. Both IL-4 and IgM
caused IP3 increases of similar magnitude.
Further experiments, also with tonsil B cells, compared IP3 release in
response to IL-4 and IL-13 (figure 7.5). Both IL-4 and IL-13 caused a biphasic
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response, consisting of an early increase in IP3 , maximum at 30-50 seconds,
followed by a late increase, maximum at approximately 120 seconds. Small
differences between the exact times of the two peaks obtained for IL-4 and
IL-13 were observed, but these were not consistent over a range of
experiments.

7.2.2. cAMP GENERATION BY HUMAN B CELLS IN RESPONSE
TO IL-4 AND IL-13.
cAMP is also measured using a competitive binding assay, similar to that
described previously for IP3. In this case, the assay was obtained in kit form
(Amersham). Again a standard curve was generated using a constant amount
of

labelled cyclic AMP and known amounts of unlabelled competitor. A

typical standard curve is shown in figure 7.6. The curve was plotted as amounts
of unlabelled cAMP against CJCx where Co is the binding in the absence of
unlabelled cAMP - NSB, Cx is the amount bound in the presence of known
concentrations of unlabelled cAMP - NSB and NSB is the non specific binding.
The method was initially checked using cAMP generation by B cells
stimulated with forskolin as a positive control. Forskolin is a direct activator of
adenylate cyclase, which generates cAMP from ATP. On addition of forskolin to
the cells, a rapid burst of cyclic AMP was expected. Daudi B cells (a Burkitts
lymphoma cell line) were used, since these are easy to grow in culture and
large numbers of cells can be obtained easily. Cells were used at 5x10® per
sample.
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The results of the experiment can be seen in figure 7.7. Forskolin
induced a rapid increase in cAMP, maximal at 2 minutes. As a positive control,
stimulation of cells for 2 minutes with forskolin was included in each future
experiment. Experiments to compare responses to IL-4 and IL-13 were also
carried out using the Daudi cell line. Cells at 5x10® per tube were stimulated
with IL-4 at 2nM or IL-13 at 20nM. High concentrations were used to saturate
the receptors immediately and so detect any early response. Cells stimulated
with forskolin were used as a positive control. The results can be seen in figure
7.8. For both cytokines, an immediate increase in cAMP was observed which
returned to background levels after 15 minutes. In all experiments, the amount
of cyclic AMP generated was similar for both IL-4 and IL-13, but was lower than
the amount generated in response to forskolin. Over several experiments, no
significant differences between the cAMP generation in response to IL-4 and
IL-13 was observed.
The experiments were also carried out using freshly isolated tonsil B
cells (5x10® cells per sample). Extraction of cAMP was carried out using the
same protocol as for the Daudi cells. Figure 7.9 shows the results of these
experiments. The total amount of cyclic AMP present even in unstimulated
tonsil cells was higher than that present in Daudi cells, and the increases
obtained for IL-4 and IL-13 were much lower than amounts generated in
response to forskolin. Both of these factors combine to give a low level of
response to IL-4 and IL-13. Both cytokines stimulated a small increase in cAMP
at 5 minutes which appears to return to background by 20-30 minutes. Both
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cytokines also appear to generate an initial spike of cyclic AMP which appears
to peak before 5 minutes. This was observed in two separate experiments.
Again, there were no differences between the response to IL-4 and IL-13
which further strengthens the case for a common receptor for the two cytokines.
It also suggests that this novel signalling pathway is a property of the IL-4Ra
chain shared between the two cytokines.

7.2.3. IL-4 AND IL-13 INDUCED TYROSINE PHOSPHORYLATION
OF CELLULAR PROTEINS IN HUMAN B CELLS.
Signal transduction through the IL-4 receptor involves activation of
several PTKs, including JAK-1 and JAK-3, and subsequent phosphorylation of
a range of proteins important in signal transduction, including IRS-2 (and
possibly IRS-1) and various STAT transcription factors. Experiments described
here were designed to compare the responses to IL-13 with the responses to
IL-4. However, due to lack of time, the experiments are preliminary, and do not
address the identity of proteins phosphorylated in response to IL-13.
Tyrosine phosphorylation of proteins was measured using
immunoblotting. Experiments were carried out using whole cell lysates to look
at total cellular phosphorylation. Cells were stimulated with IL-4 or IL-13 and
the reactions were stopped at various times by the addition of boiling Laemmli
sample buffer. PAGE was employed to separate cellular proteins according to
size followed by Western blotting to immobilize the proteins on a solid
membrane support. Tyrosine phosphorylated proteins were detected using an
antibody specific for phosphotyrosine (4G10). This was visualized using a
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second layer antibody conjugated to horseradish peroxidase, followed by ECL.
In order to compare cellular responses to IL-4 and IL-13, experiments
were designed with stimulations using both cytokines on the same cell
samples, at the same times and run on the same gels. Cells stimulated with
anti-IgM were included as a positive control since a strong signal was obtained
compared to the sometimes variable signal in response to IL-4 and IL-13. Initial
experiments were carried out using Daudi cells.
Typical results are shown in figures 7.10 and 7.11. No differences can
be seen between the bands stimulated by IL-4 and IL-13 in the early part of the
signalling response. Similar increases in bands at 180KDa (A), 140KDa (B),
lOOKDa (0), 75-80KDa (D) and 65KDa (E) occur after stimulation with both
cytokines. The band at 140KDa (B) which is present after stimulation with IL-4,
IL-13 and IgM appears to be a doublet for IL-4 and IL-13. Possible identification
of some of these bands will be suggested in the discussion of this chapter.
The later portion of this timecourse (10 minutes - 30 minutes) is shown
in figure 7.11. As expected, the same bands appear to be phosphorylated as in
the earlier portion of the timecourse, and these are lettered as for figure 7.10.
In this case the levels of phosphorylation are still high after 30 minutes,
although in some experiments, levels had returned to background after this
length of time. Again no differences in the identity or intensity of the bands can
be seen between the phosphorylation stimulated by IL-4 and IL-13. This result
was disappointing, since it was hoped that differences in the phosphorylation
pattern between the two cytokines might help to determine differences in
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Figure 7.11. C o m p a r i s o n of late tyrosine p h o s p h o r y l a t i o n events in Da u d i cells in r e s p o n s e to IL-4 and IL-13.
D a u d i B cel l s ( 1 0x10® cel l s p e r s a m p l e ) w e r e s t i mu l a t e d with I L- 4 a t 2 n M or
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Results shown were representative of three experiments.
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receptor structure. In order to investigate this possibility further, the
experiments were repeated using B cells isolated from tonsil samples.
Figure 7.12 shows the early portion of the timecourse, for both IL-4 and
IL-13 in tonsillar B cells. As with all experiments using tonsils, the signal was
very faint, but increases in phosphorylation can be seen in bands at 170KDa
(A), a doublet at 140KDa (B), another at 1 lOKDa (C), various bands at 7085KDa (D), and a faint series of bands at 65KDa (E). Again, all of these bands
seem identical for both IL-4 and IL-13. When the latter portion of the
timecourse is inspected (figure 7.13), similar bands can be seen at 140KDa (A),
1 lOKDa (B) and 70KDa (C). When the area around 65KDa was inspected
carefully, a difference between IL-4 and IL-13 emerged. Three phosphorylated
bands were present for IL-4, but only two appeared in the IL-13 tracks, and
these ran at a slightly lower molecular weight. The three IL-4 bands were
reduced to background by 20 minutes, where some phosphorylation could still
be seen of the bands in the IL-13 tracks.
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Figure 7.12. Comparison of early tyrosine phosphorylation events in tonsil ceils in response to IL-4 and IL-13.
Freshly prepared tonsillar B cells (10x10® cells per sample) were stimulated with IL-4 at 2nM or IL-13 at 1 BnM. Cells were
lysed at the times shown to stop the incubation and proteins were separated using PAGE and immobilized on Immobilon P
PVDF membranes using Western blotting. Membranes were incubated with anti-phosp ho tyrosine (4G10 at 10pg/ml) and a
second layer goat anti-mouse IgGI conjugated to horseradish peroxidase and binding visualized by ECL. Negative control
samples were treated with RPMI alone. Sam ples with Daudi cells (10x10® cells per sample) were added for comparison.
Results shown were obtained on one occasion only.
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Figure 7.13. C om parison of late tyrosine phosphorylation events in tonsillar B cells in response to IL-4 and IL-13.
Freshly isolated tonsillar B cells (10x10® cells pe r sam ple) were stimulated with IL-4 at 2nM or IL-13 at 1 BnM. Cells were lysed
at the times shown to stop the incubation and proteins were separated using PAG E and im m obilized on Immobilon P P V D F
m em branes using W estern blotting. M e m branes were incubated with anti-phosphotyrosine (4G10 at lO pg/m l) and a second
layer goat anti-mouse IgGI conjugated to horseradish peroxidase and visualized by ECL. Negative control sam ples were
treated with RPM l alone, and positive controls with anti-IgM (C appel at 25pg/ml).
Results shown were obtained on one occasion only.
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The Daudi ceils were used to set up the second messenger assay, although
no functional effects of IL-4 or IL-13 can be seen in this cell line. However,
since the cAMP signal in Daudi cells appears similar to that obtained in the
tonsillar B cells, the lack of functional effect cannot be attributed to lack of
this second messenger signal. Other components of the signalling pathway,
for instance the tyrosine phosphorylation, which appears different in tonsil
cells compared to Daudi cells, may be responsible for the absence of
function of IL-4 and IL-13 in these cells.
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7.3. DISCUSSION.

IL-4 and IL-13 are cytokines which share a common receptor and many
effects on B cells. Previous work showed that on addition of IL-4 to B cells, both
cAMP and IP3 were generated, whereas in T cells, neither of these second
messengers could be seen (Finney et al, 1990). In both cell types, increased
tyrosine phosphorylation of a range of proteins was observed in response to
IL-4. Very little data about signalling through the IL-13 receptor was available,
either on B cells or on T cells. The aim of this chapter was to investigate the
second messenger pathways stimulated by the two cytokines.
When second messenger generation was measured, both IL-4 and IL-13
stimulated increases in cAMP in tonsillar B cells, starting at approximately 1
minute and reaching a maximum at 5-10 minutes. This result was also
observed in Daudi B cells. The cAMP generation in response to IL-4 and IL-13
seemed identical, suggesting that this might be a function of the shared IL-4
and IL-13 receptor.
When the IP3 results were inspected, a biphasic increase could be seen
in most cases, with an early peak before one minute followed by a later peak
occurring after two minutes. This was in contrast to results obtained when the
cells were stimulated with anti-IgM, when only one peak, occurring at
approximately 1 minute, could be seen. The biphasic increase in IP3 observed
with IL-4 and IL-13 was consistent over three experiments with different tonsil B
cells. In previous experiments using tonsil B cells, only the early IP3 increase
was observed, but the earlier experiments used B cells further separated into
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small heavy (resting) B cells. The experiments described here used
unseparated B cells, and the biphasic nature of the signal may be due to the
presence of the two populations of cells (Finney et al., 1990). The differing
proportions of IP3 generated in the two peaks may be due to the differing
numbers of cells of each phenotype present in different tonsil samples.
Again, IL-4 and IL-13 appear to signal in a very similar fashion for the
generation of cAMP, suggesting that this may also be a function of the common
component of the IL-4 and IL-13 receptor. This was expected since it has been
shown previously that activation of the IP3 and calcium pathway was necessary
for the generation of cAMP in response to IL-4 (Finney et al., 1990; Rigley et
al., 1991). If this is the case then it would be expected that both signals are
dependent on IL-4 binding to the same receptor.
Experiments investigating tyrosine phosphorylation in response to IL-4
and IL-13 were preliminary. Bands are phosphorylated at 170KDa, 140KDa,
100-1 lOKDa and a wide range of bands can be seen at a lower molecular
weight. Many of these bands appear identical for IL-4 and IL-13, although some
differences can be seen in the region around 65-70KDa. Without
immunoprécipitation experiments, identity of the proteins is speculative, but
candidates can be proposed for some of the major bands, based on results
already published.
One possible candidate protein for the band at 170KDa is IRS-1 or 4PS,
which is associated with the IL-4Ra chain after stimulation (Wang et al., 1992;
Wang et al., 1993). This is also phosphorylated in response to IL-13, consistent
with IL-13 also using the IL-4Ra chain as one component of its receptor
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(Welham et al., 1995). The IL-4Ra chain is also phosphorylated in response to
IL-4 and IL-13 in a range of cells (Smerz Bertling and DuschI, 1995). This has a
molecular weight of 140KDa, the position of another strongly phosphorylated
band in these experiments, so would be a candidate for one of the bands seen
at 140KDa for both IL-4 and IL-13.
A range of proteins of molecular weight approximately lOOKDa are
phosphorylated in response to IL-4 (see table 7.1). Any of these are candidates
for the bands seen at lOOKDa in experiments with IL-4 and IL-13, but without
further analysis, no suggestions for identification can be made.
The other feature of interest is the difference observed between IL-4 and
IL-13 induced phosphorylation of bands at around 65-70KDa in tonsil B cells.
Three bands were phosphorylated in response to IL-4 where only a doublet is
phosphorylated in response to IL-13. Bearing in mind that the IL-4 receptor but
not the IL-13 receptor contains the yc chain (molecular weight 65KDa),
phosphorylation of this protein in response to ligation might explain the extra
band observed for IL-4. However, phosphorylation of receptor components
would usually occur immediately after stimulation. The increases in
phosphorylation around this area cannot be seen until

10

minutes later, so

other candidates should also be considered.

The experiments presented in this chapter further stengthen the concept
of a functional component shared between the IL-4 and IL-13 receptors, since
most of the early scond messenger signalling events triggered by the two
cytokines are shared. Both the IP3 and cAMP generation triggered by the
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cytokines was identical and probably a function of a shared receptor for IL-4
and IL-13. This would be consistent with results obtained on T cells, indicating
the absence of signalling through IP3 and cAMP (Mizuguchi et al., 1986, Kirken
et al., 1994). Since T cells do not respond to IL-13 they probably do not
express the shared IL-4 and IL-13 receptor, but only the unique IL-4 receptor.
The IP3 and cAMP pathway has also been observed in monocytes, which
respond to both IL-4 and IL-13, further suggesting that this pathway may be a
function of the shared IL-4 and IL-13 receptor.
None of the signals appeared unique to IL-4, so it was not possible to
suggest which of the important changes might be due to IL-4 complexing with a
unique receptor, probably containing the Yc chain. The only difference occurred
when tyrosine phosphorylation in response to the two cytokines was
investigated, and the results were too preliminary for any thorough analysis.
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CHAPTER 8.

GENERAL DISCUSSION.
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8.1. MODEL FOR IL-4 AND IL-13 RECEPTORS.

The results obtained in this study allow the construction of a model for
the IL-4 and IL-13 receptors. The model, consisting of two separate receptors,
is represented diagrammatically in figure 8.1. The IL-4Ra chain in a complex
with the Yc chain forms a high affinity IL-4 receptor (Receptor I). This receptor
binds to IL-4 only and will not respond to IL-13. A second receptor consists of
the IL-4Ra chain complexed with the IL-13 binding chain. This receptor binds
both IL-4 and IL-13, and mediates the common responses to the two cytokines.

8.1.1. INTERACTIONS OF MUTANT IL-4 PROTEINS WITH THE
TWO RECEPTORS.

Results obtained using mutant IL-4 proteins (chapter 4) are fully
consistent with this model. The site II signalling mutants (Y124D and
R121D/Y124D) will bind to the IL-4Ra chain which forms a component of both
receptors. However, the site II mutations inhibit interaction with the yc chain, so
that normal receptor complexes cannot form and signalling does not occur. By
blocking the receptors in this way, the mutants can competitively inhibit B cell
responses to IL-4.
The mutants must also prevent the association of the IL-4Ra chain with
the IL-13 binding chain to form receptor II, since they also inhibit IL-13
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Figure 8.1 : Model for IL-4 and IL-13 receptors
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responses in normal B cells. The finding that Y124D can inhibit responses to
IL-4 and IL-13 in B cells from patients with X-SCID (containing mutations which
prevent the expression of functional yc chain protein) is further evidence that
receptor II as well as receptor I is blocked by Y124D (Matthews et al 1995,
manuscript in preparation).
The site I mutant, R88D, has reduced affinity for the IL-4Ra but is still
able to interact normally with the yc chain and prevent it from forming active
signalling complexes. It was predicted that this mutant should inhibit signal
transduction through receptor I, containing the yc chain and therefore inhibit B
cell responses to IL-4. This was indeed observed in experiments described in
chapter 4. The same experiments indicated that B cell responses to IL-13 are
not affected by the presence of R88D, suggesting that R88D cannot inhibit
responses through receptor II by competition for the IL-13 binding chain. This
suggests that binding of IL-4 to the IL-4Ra chain is required for interactions
with the IL-13 binding chain to form receptor II.

8.1.2. INTERACTIONS OF ANTIBODIES TO THE IL-4Ra CHAIN
WITH THE TWO RECEPTORS.
Results obtained with antibodies to the IL-4Ra chain can also be
explained by this model. The antibodies block the binding of IL-4 to the IL-4Ra
chain and thus block its function (Renard et al., 1994), but inhibition of IL-13
responses cannot be through this mechanism since IL-13 does not bind to the
IL-4Ra chain. Instead, the antibodies probably prevent the association of the
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IL-4Ra chain with the IL-13 binding chain, and the formation of a functional
receptor. This would explain why higher concentrations of antibody are
required to inhibit IL-13 responses, and why some antibodies which do inhibit
IL-4 responses are unable tc^inhibit responses to IL-13.

8.2, DISTRIBUTION OF THE RECEPTORS.
The functions of IL-4 and IL-13 on various cell types enable predictions
to be made about the distribution of the receptors. Any cells which respond to
IL-4 but not to IL-13, including T cells and murine B cells, probably contain only
receptor I. All cells which respond to both cytokines must contain at least
receptor II which is common to the two cytokines. Any cells which also express
the Yc chain, including human B cells, monocytes and mast cells, may also
contain receptor I. Cells which do not contain the common y chain but do
respond to IL-4 and IL-13, including fibroblasts, B cells from patients with
X-SCID and probably endothelial cells, cannot express receptor I and probably
express only receptor II (Matthews et al., 1995; K. Kotowicz, 1996). This
suggests that receptor II is capable of mediating most of the normal functions of
IL-4 on B cells, including activation, proliferation and antibody secretion
(Matthews et al., 1995). The model also predicts that no cells can respond to
IL-13 but not IL-4, and as yet no such cells have been found. These predictions
will be confirmed by the cloning of the IL-13 receptor, and subsequent study of
its expression.
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8.3. FUNCTIONS OF THE TWO RECEPTORS IN
B CELLS.
The model described in figure 8.1 can be used to explain many of the
functional effects of IL-4 and IL-13 on B cells. It is likely that the common
effects of the two cytokines shown in chapter 3 are due to the common receptor
(receptor II) containing the IL-4Ra chain and the IL-13 binding chain. However,
in many experiments, the magnitude of response to IL-4 was significantly
higher than the response to IL-13 (for example sections 3.2.1 and 3.2.2) This
can be explained if the the IL-4Ra chain preferentially associates with the Vc
chain to allow formation of receptor I and is then not available for receptor II,
which mediates the IL-13 responses. The hypothesis is supported by data
obtained with cells which do not express the yc chain, including B cells from
patients with X-SCID. In these cells, the IL-4Ra chain is not competitively
depleted by the presence of the yc chain and is able to form IL-13 receptors. It
would then be predicted that the magnitude of B cell responses to IL-4 and
IL-13 would be the same, due to the action of both cytokines through the same
receptor. This has been shown to be the case in B cells from patients with
X-SCID and in endothelial cells (Matthews et al., 1995, Kotowicz et al., 1996).
Results obtained in chapter 5 also indicated that B cells respond better
to IL-13 in costimulation with anti-CD40 than in costimulation with anti-IgM. In
contrast, IL-4 generates greater responses from B cells in costimulation with
anti-IgM, although significant proliferation (equivalent to or better than that
obtained with IL-13) is also induced in costimulation with anti-CD40. When
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B cells are cultured using anti-CD40 presented on the surface of irradiated
mouse L cells, both IL-4 and IL-13 induce similar proliferative responses
(section 3.2.2 3). These results suggest that receptor I, containing the IL-4Ra
chain and the yc chain preferentially acts in cells stimulated with anti-IgM, but
receptor II, containing the IL-4Ra chain and the IL-13 binding chain, may be
more important in stimulation with anti-CD40. The suggestion that receptors
containing the yc preferentially costimulate with IgM is supported further by the
finding that IL-2 induces good B cell proliferation in costimulation with IgM but
only weak proliferation in costimulation with anti-CD40. In B cells from patients
with X-SCID, which do not express the yc chain, responses to IL-4 and IgM or
CD40 are similar (Matthews et al., 1995). This again suggests that the greater
magnitude of response to IL-4 and IgM in normal B cells is due to the presence
of the yc chain.
The existence of two receptors for IL-4 also explains the differences in
dose response characteristics for expression of the surface markers IgM and
CD23 (section 3.2.1). Receptor I, which can bind IL-4 with a high affinity (at a
low concentration), is responsible for increases in surface IgM, but not CD23.
At higher concentrations of IL-4, or IL-13, receptor II is activated, which is
responsible for increases in surface CD23, as well as IgM. Since IL-13 acts
through only one receptor, no dose response differences for increase in IgM
and CD23 were observed. These results suggest that the presence of the
IL-4Ra chain in the receptor is sufficient for the increases in IgM, but that the
IL-13 binding chain is necessary for increases in CD23.
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8.4. SIGNALLING PATHWAYS THROUGH THE RECEPTORS.
The signalling pathways activated by IL-4 and IL-13 (chapter 7) also
support the model for IL-4 and IL-13 receptors in figure 8.1. The second
messenger pathway common to both IL-4 and IL-13 utilizing both IP3 and
cAMP, acts through the common receptor (receptor II), consisting of the IL-4a
chain and the IL-13 binding chain. This is consistent with the inability to
generate cAMP or IP3 in human T cells or murine B cells (which do not express
receptor II) in response to IL-4 (Finney et al., 1991; Cushley and Harnett, 1993;
Kirken et al., 1994; Mizuguchi et al., 1986).
Some differences would be expected in the signalling pathways coupled
to these receptors. For instance JAK-3 is known to be associated with the yc
chain and is not required for IL-13 responses. Phosphorylation of JAK-3 in
response to IL-4 but not IL-13 has been demonstrated (Denesyuk et al., 1994;
Witthuhn et al., 1994; Welham et al., 1995).
Common tyrosine phosphorylation patterns may also be expected from
the model in figure 8.1. Another member of the JAK family, JAK-1, has been
shown to be associated with the IL-4Ra chain, and phosphorylation of JAK-1
has been demonstrated in response to both IL-4 and IL-13 (Welham et al.,
1995). JAK-1 also has a molecular weight of approximately 120KDa and is a
candidate for the band at this molecular weight phosphorylated in response to
IL-4 and IL-13 in the experiments described in section 7.2.3.
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8.5. RELATIONSHIP BETWEEN THE IL-13 RECEPTOR AND THE
LOW AFFINITY IL-4 RECEPTOR.
As well as the cloned receptor for IL-4, a second low affinity receptor
was indicated in experiments showing different responses to IL-4 at different
doses (Rigley et al., 1991; Renard et al., 1994). At low doses of IL-4,
expression of surface IgM was increased, but 10-50 fold higher doses were
required to induce expression of CD23. A similar dose response was observed
when B cells are stimulated to secrete antibody by EBV (Kotowicz and Callard,
1993). At low doses of IL-4, production of IgM and Ig G I-3 is enhanced, but
when higher doses of IL-4 are added, production of these subclasses is halted
and the B cells are switched to production of lgG4 and IgE (Kotowicz and
Callard, 1993).
Structural investigations of proteins binding to IL-4 provide more
evidence to support the possibility of two IL-4 receptors. Initial binding studies
using biotinylated IL-4 showed three crosslinked bands, one at 140KDa, and
two at around 65-75 KDa (Foxwell et al., 1989; Zuber et al., 1990). The
140KDa band was subsequently identified in other studies as the IL-4 binding
chain (IL-4Ra), and has been cloned and sequenced (Galizzi et al., 1990). One
of the low molecular weight bands is probably the yc chain which has since
been associated with the IL-4 receptor (Russell et al., 1993). The identity of the
other low molecular weight band is unknown, but it has the same molecular
weight as the IL-13 binding chain identified in renal cell carcinoma (ROC) cell
lines (Obiri et al., 1995).
Another study has identified a low molecular weight IL-4 binding protein
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in a pre-B cell line, JM-1, which expresses very low levels of mRNA for the
IL-4Ra chain ( Fanslow et al., 1993). This protein runs as a doublet on an
acrylamide gel, with a molecular weight of 75-85 KDa. This is also a similar
size to the yc chain, the IL-13 binding chain and the unidentified IL-4 binding
protein. Some N-terminal sequence has been obtained, but this shows no
homology to any known protein. It is not known whether this protein forms a
functional IL-4 receptor on mature B cells, although it is functional in JM-1 cells
since IL-4 inhibits their proliferation (Armitage et al., 1993b).
Experiments using antibodies raised to the protein from JM1 cells
(JM1-P1 serum) to block responses to IL-4 were intended to establish the
function of this receptor on B cells (section 5.2.2). It was also intended to
address the issue of the possible participation of this protein in the IL-13
receptor. However, the antiserum was unable to block B cell responses to
either cytokine, so no further information could be obtained about the role of
the low affinity IL-4 binding protein from JM-1 cells in IL-4 or IL-13 receptors on
B cells.
It is not clear whether the low affinity binding protein seen in JM-1 cells
is the IL-13 binding chain from receptor II. Circumstantial evidence (similar size
of the two proteins) suggested that it might be, but no direct evidence has been
provided. One piece of possibly contradictory data is the fact that mRNA for the
IL-4Ra chain is very low in JM-1 cells. In the absence of the IL-4Ra chain
receptor II, as pictured in figure 8.1, cannot be present. Since IL-4 inhibits the
proliferation of JM-1 cells, a functional IL-4 receptor must be present in the
absence of the IL-4Ra chain. This must be different from either of the two
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receptors shown in figure 8.1. One possibility is that the IL-4 receptor exists as
a trimer of the IL-4Ra chain, the IL-13 binding chain and the yc but that any two
components can form a functional receptor and mediate some of the effects of
either or both of the two cytokines. In the case of the JM-1 cells, the receptor
would consist of the IL-13 binding chain and the low affinity IL-4 binding
protein. Alternatively, the receptor in JM-1 cells may constitute yet another
functional IL-4 receptor of unknown composition.

8.6. IMPLICATIONS FOR IL-4 AND IL-13 FUNCTION IN THE
IMMUNE SYSTEM.
From the model in figure 8.1 and evidence described here and
elsewhere, various predictions can be made about the functions of IL-4 and
IL-13 in the immune system. Due to the similarities between their functions, the
two cytokines probably play similar roles. However, some differences appear in
both the predicted distribution of the receptors and in the function of the
cytokines, which must lead to distinct roles for the cytokines in some systems.
It also appears that many of the functions previously thought unique to
IL-4 are shared with IL-13, and may be functions of the shared IL-4 and IL-13
receptor (receptor II). One function of this shared receptor is IgE production,
since X-SCID B cells, which contain only receptor II, can undergo class
switching and produce IgE normally in response to IL-4 or IL-13 (Matthews et
al., 1995). Increased production of IgE in atopic patients has been linked to a
marker on chromosome 5q, close to the genes for both IL-4 and IL-13 (Marsh et
al., 1994). Since receptor II is implicated in IgE production, it may also be the
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case that IL-13 is important in the allergic response. The sustained secretion of
IL-13 following T cell stimulation would support this role (Zurawski and de
Vries, 1994). However, production of IL-4 is increased in atopic patients, which
suggests that IL-4 is also important (Banchereau, 1994).
Another function of IL-4 is the regulation of helper T cell subsets. IL-4
promotes differentiation of ThO cells to Th2 cells, which secrete cytokines
important in the humoral immune response (Kelso, 1995). This function must
be unique to IL-4 since T cells do not respond to IL-13 (Zurawski and de Vries,
1994). Presumably, this is mediated via receptor I, containing the IL-4Ra chain
and the yc chain. However, production of iproinflammatory

cytokines such as

IL-12 can also influence the production of helper T cell subsets (Mosmann et
al., 1986). Since IL-13 is able to inhibit the production of these cytokines, it may
play an indirect role in the regulation of the switch from Thi to Th2 cells
(Zurawski and de Vries, 1994).
One clear difference between the two cytokines described in chapter 3
was the relative responses in the presence of different costimulating
antibodies. In general, B cells respond better to IL-13 in costimulation with
anti-CD40 than in costimulation with anti-IgM. This is in contrast to IL-4, which
generates better responses from B cells in costimulation with anti-IgM (section
3.2.2). It islpossible that in vivo, IL-4 preferentially stimulates B cells activated
through the antigen receptor (mimicked in vitro by addition of anti-IgM) and
IL-13 then stimulates those cells which receive a second signal from helper T
cells (mimicked by the addition of anti-CD40). This would provide roles for both
IL-4 and IL-13 in the humoral immune response. IL-4 would act early to provide
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an immediate response to antigen and IL-13 would function later to provide a
more sustained response. Certainly IL-4 is produced transiently by T cells
where the production of IL-13 is more sustained, which would support the
theory (Zurawski and de Vries, 1994).

8.7. DESIGN OF FURTHER EXPERIMENTS TO TEST
THE MODEL.
Several sets of experiments can be designed to test the proposed model
described. Antibodies to the IL-13 binding chain from renal cell carcinoma cells
(or to the cloned IL-13 receptor) should block all responses through receptor II.
This would include all responses to both IL-4 and IL-13 in cells from patients
with X-SCID. Antibodies to this chain should also block all B cell responses to
IL-13, and some of the responses requiring a high concentration of IL-4 (IgE
secretion and proliferation in costimulation with CD40). Responses through the
proposed high affinity IL-4 receptor (surface expression of IgM and enhanced
antibody secretion at low doses of IL-4) should not be affected by the
antibodies.
Another approach would be to design IL-13 mutant proteins similar to
those used for IL-4. IL-13 mutants which bound to the IL-13 binding chain but
could not signal (possibly due to mutation in the region important in interactions
with the IL-4Ra chain) would provide valuable information. Such mutants would
be expected to block IL-4 responses through receptor II in the same way as
Y124D and R121D/Y124D can block IL-13 responses.
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Since IL-4 will directly bind to the IL-4Ra chain but IL-13 will not, IL-4
and IL-13 must interact with the IL-4Ra chain in different ways. Investigations
of the regions on the IL-13 molecule important in this interaction would also be
interesting. IL-13 has a similar structure to IL-4 from computer modelling
studies, although the data used for the modelling assumed an interaction with
the Yc chain (Bamborough et al., 1994a). Most of the sequence homology
between IL-4 and IL-13 lies in the first and last a helices. The first a helix of
IL-4 is important in binding to the IL-4Ra chain, and the last in binding to the yc
chain. IL-13 proteins with mutations in these regions would identify the site of
interaction of IL-13 with the two proposed receptor chains.
Further investigations of the signalling pathways activated by IL-4 and
IL-13 should also provide important insights into the structure and mode of
action of the receptors. The signalling pathways identified in this study are
common between the two receptors, with the exception of a small difference
identified in the tyrosine phosphorylation studies. This further emphasises the
common nature of the receptors for IL-4 and IL-13, but sheds no light on
possible differences. However, other studies have shown clear differences
between the signalling pathways activated by the two cytokines, and further
investigation of these might allow predictions to be made about the association
of signalling pathways with the IL-13 binding chain (Welham et al., 1995).
Identification and cloning of the IL-13 binding chain should also help the
progress of studies in this direction. There is much work to be done before
these pathways are fully elucidated, but further study should provide valuable
insight into the mechanisms of IL-4 and IL-13 functions.
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During the writing of this thesis, the genetic sequence and structure of a
murine IL-13 binding protein was published (Hilton et al., 1996). This protein is
a member of the type I cytokine receptor superfamily containing the four
conserved cysteine residues and the WSXWS motif. The protein associates
with the IL-4Ra chain when the two are expressed together, and the authors
suggest that this complex may form a receptor for both IL-4 and IL-13. The
structure presented is entirely consistent with the model proposed in figure 8.1.
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Appendix I. Addresses of Suppliers.

Aldrich Chemical Co. Ltd., The Old Brickyard, New Road, Gillingham, Dorset,
SP8 4JL

Amersham International pic., Amersham Place, Little Chalfont, Amersham,
Bucks, HP7 9NA.

Becton Dickinson U.K. Ltd., Between Towns Road, Cowley, Oxford, 0X 4
3LY.

Bio-Rad Laboratories Ltd., Caxton Way, Watford Business Park, Watford,
Hertfordshire, WD1 8RP.

The Binding Site Ltd., University of Birmingham Research Unit, 97, Vincent
Drive, Edgebaston, Birmingham, B15 2SQ.

Calbiochem-Novabiochem UK Ltd., Boulevard Industrial Park, Padge Rd,
Beeston, Nottingham, NG9 2JR.

CP Pharmeceuticals Ltd., Ash Road North, Wrexham, Clwyd, LL13 9UF.
Dako Ltd., 16, Manor Courtyard, Hughenden Avenue, High Wycombe, Bucks,
HP13 5RE.

Dynatech Laboratories Ltd., Daux Road, Billingshurst, West Sussex, RH14
9SJ.

Falcon, supplied by Marathon Laboratory Supplies, Unit 6, 55-57 Park Royal
Road, London, NW10 7LP.

Flow Laboratories Ltd., Woodcock Hill, Harefield Road, Rickmansworth,
Herts., W D3 1PQ.

Genzyme Diagnostics, 50 Gibson Drive, Kings Hill, West Mailing, Kent, ME19
6HG.

Gibco (Life Technologies Ltd), PO Box 35, Trident House, Renfrew Road,
Paisley, Renfrewshire, PA3 4EF.

ICN Biochemicals Ltd., Eagle House, Peregrine Business Park, Gomm Road,
High Wycombe, Bucks., HP13 7DL.

Immunex Manufacturing Corporation, Seattle, WA 98101, U.S.A.
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NIBSC. National Institute for Biological Standards and Control, South Mimms,
Potters Bar, Herts., EN6 3QG.
Pharmacia Biosystems Ltd., Davy Avenue, Knowl Hill, Milton Keynes, MK5
8PH.
Roussel Laboratories Ltd., Uxbridge, UB9 5HP.
Serotec, 22, Bankside, Station Approach, Kidlington, Oxford, 0 X 5 1JE.
Sigma Chemical Co. Ltd., Fancy Road, Poole, Dorset, BH17 7NK.
Sterling Drug Co. Inc., Malvern, PA. 19355, USA.
Tago, PO Box 4463, 887 Mittern Road, Burlinghame, California, 94011, USA.
TCS Ltd., Botolph Clayton, Buckingham, MK18 2LR.
Upstate Biotechnology Ltd. (UBI), 199 Saramac Avenue, Lake Placid, New
York, 12946.
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