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CHAPTER 1



- INTRODUCTION
1.1 Immunoglobulin Structure and Function

The human immune system is capable of specifically recognizing and responding to an
enormous number of antigens. The interaction of antigens with the cells involved in the
immune response is mediated by two distinct antigen specific receptor molecules, the
immunoglobulins and the T-cell receptor, expressed on the surface of B and T
lymphocytes, respectively.

A monomeric immunoglobulin molecule is composed of two identical heavy (H)
and two identical light (L) chains that are linked together by disulfide bonds (Fig. 1.1).
Both H and L chains are organized into domains that are defined by homology and that
are approximately 110 amino acids in length. Each domain forms a conserved structure
known as the "antibody fold", which is stabilized by an internal disulfide linkage that
forms a loop of about 65 amino acids. The amino terminal domain of H and L chains A
comprises the variable region, which varies from 112 to 136 amino acids in length.
Within the variable region are three areas of greatest sequence variabilty (hypervariable
regions) that are separated by regions of relatively constant amino acid sequence
(framework regions) (1). H and L chain hypervariable regions together form the potential
antigen-binding site, and are therefore referred to as complementarity-determining regions
(CDRs) (2).

Amino acid sequences within the remainder of H and L chains (Fig. 1.1) are
relatively invariable, but deviate among different constant (C) region types (isotypesj that
were originally classified according to reactivity to specific antisera (1). Heavy chain C
region isotypes define the classes and subclasses of mammalian Igs. Five types of H-
chain exist which define the corresponding immunoglobulin classes IgM, IgD, IgG, IgE

and IgA and which are designated by their respective Greek letters ( L, d, 7, €, and o).
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Figure 1.1: Structure of an IgG molecule. The typical antibbdy molecule consists
of two identical H chains and two identical L chains linked to each other by disulfide
bonds (ss). The Vi, Cas VL and Cr, homology domains are shown in boxes and the
hinge region is denoted H. The approximate boundaries of CDR regions and of
sequences encoded by VH, D, Jg, VL. and JL segments are indicated by different |
shadings.



The IgG and IgA classes are further divided into subclasses defined by distinct CH region
amino acid sequences. In humans the IgG class is divided into subclasses 1, 2, 3, and 4,
whereas in the mouse these subclasses are defined as IgG1, IgG2a, IgG2b, and IgG3.
The C regions mediate immunologic effector functions, such as complement fixation,
placental transfer, and binding to cell surface Fc receptors, that are specific to particular
isotypes (3). Functional differences have not been identified for the two isotypes of
mammalian L chains, kappa (x) and lambda (A). There is a single subtype of K and at
least four subtypes of A. H chain C regions contain between two and four domains that
are distinctly homologous to each other and to each L chain C region domain. Certain H
chain isotypes also contain a hinge region between the CH1 and CH2 domains, that may
facilitate antigen binding by increasing H chain flexibility. The Ig molecule is expressed |
on the cell surface as a monomer, but Ig molecules can be secreted as monomers (IgG
and IgE) or, in conjunction with the J chain protein, as dimers (IgA), or as pentamers

(IgM) (4).
1.2 Genetics of Immunoglobulin Genes
1.2a Heavy Chain Genes

The expression of a complete immunoglobulin molecule is a consequence of a DNA
recombination event that takes place independently in each lymphocyte precursor and
leads to the assembly of specific DNA segments in both the H and the L-chain loci. The V
region is encoded by a newly formed exon assembled upstream of the C region as a
consequence of the recombination process that joins three different gene segments: a
variable (Vy), a diversity (D) and a joining (Jg) segment (5) (Fig. 1.2). Each Vg gene
segment contains two exons: the first encodes a hydrophobic leader sequence that

facilitates vectorial translocation of the molecule to the endoplasmic reticulum; while the
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Figure 1.2: Ig gene organization. (A) Organization of mouse IgH genes. Shaded
boxes indicate the chromosomal locations of five of the VH segment families. The D
segment families and the Jy segments are shaded differently and the intronic enhancer
(E) is shown just 5" of Cu. Separate H chain C region exons are shown for the Cp
sequences only. The Cy genes are shown in their proper order along with the 3'IgH
enhancer (3'E). (B) Organization of the mouse K light chain locus. Vi segments are
shaded differently to indicate that there are separate Vi families. The Cy region is
flanked by the intronic X enhancer and the 3' K enhancer elements (3'E). (C)

organization of the mouse ) light chain. The four A gene families are shown in their

proper order along with their corresponding enhancer elements (B).



second encodes the FW1, CDR1, FW2, CDR2 and FW3 amino acids of the V region H-
chain. CDR3 is encoded by the D segment (3-27 amino acids) and by sequences at the Vg
-D and D-Jy junctions, and a part of Jy. The remainder of a Jg segment encodes the
fourth framework region, which consists of 11 amino acids. The variable region of each |
L chain isotype is encoded by an upstream exon that is assembled from analogous Vr and
JL. segments which are joined directly to each other; there are no L chain D segments (Fig.
1.2) (5). The basic V-(D)-J structure of these segments has been conseved among
species, but their number and organization varies widely. In mice and humans, the V, D,

and J segments are present as clusters with multiple members (Fig. 1.2).

The murine IgH locus

The murine IgH locus lies on chromosome 12. There are four Jy segments which are

located approximately 8kb upstream of the Ci constant region gene. There are 13 known

D segments and these are located from approximately 1 to 80 kb 5' of the Jy cluster (5).

The D segments can be divided into four families based on flanking sequence homology:
the single Q52 type D segment (DQ52) is located about 750 bp 5' of Jy1, the nine SP2-

type D segments lie between 10 and 80 kb upstream of DQ52, and the two known FL16-

type D segments are located on either side of the most 5' DSP2 segment (5). The Vy

segments are located an unknown distance 5' of the D cluster, probably within 100-

200kb of the Jy locus. The number of individual Vy segments vary with the strain of

mouse and range from 100 to as many as several thousand (6). All characterized murine

VH segments are members of one of 14 families that are defined by nucleotide sequence

homology within the coding region (6-8). These families have been placed into three

general groups on the basis of nucleotide and amino acid sequence similarities. Most

murine Vy families are extremely polymorphic in different inbred strains of mice both in

terms of restriction fragment lengths (RFLP) as well as in the numbers of cross-.

hybridizing sequences. Since the majority of murine Vy gene segments appear to be in



the same transcriptional orientation as the Jyg segments, Vg to DJg joining most often
results in deletion of intervening DNA. The loss of this intervening DNA in Vg(D)Ig
rearrangements in myelomas, B lymphomas, B cell hybridomas, and A-MulLV

transformed pre-B lines has been used to 'deletion map' the order of the 14 Vi families

(7, 9, 10).

The human IgH locus

The IgH locus in humans is located on chromosome 14 at band 14q32.33 (11). As in the
mouse, the Jy and Dy regions are clustered. In humans, a DQ52-related D segment is
located about 100 bp 5' of six functional Jy segments. Approximately 30 Dy gene
segments that fall into seven unrelated families (including DQS52) occupy about 50 kb of
chromosomal sequence just 5' of the Jy (12, 13). The Jy proximal Dy families are
organized into four 9 kb repeated units each of which generally contains 5-6 Dy gene
segments from different families. These repetitive units have been ordered as D4-D1-D2-
D3-DQ52-Jg with the D3 unit being approximately 25 kb upstream of DQ52 (12, 13). In
contrast to the mouse in which a single Dy reading frame is predominantly utilized,
human Dy segments are used equally in all three reading frames (12). Thus, it appears
that the human Ig H chain CDR3 region may have more diversity contributed from the
germline D locus than that of mouse as a result of an increased number and diversity of
germline Dy gene segments, greater plasticity with respect to joining events, and similar
usage of all three potential reading frames. Between 50 and 150 human Vi segments, up
to 50% of which are pseudogenes, can be divided into six distinct homology based
families (Vy1-Vy6) (14). A seventh 'family' closely related (about 80%) to Vi1 has
recently been identified (15). The human Vg complex is thought to occupy 1-3
megabases (14). Although many human Vg segments are closely related to murine Vg

segment families, others are not (16).



Heavy Chain Constant Region Genes

The heavy chain constant region genes are organized in 200kb of DNA. Each C region is
encoded by a separate exon cluster, that also encodes the hinge region and alternate
carboxy-terminal sequences (5). In mice and humans, the | constant region (CL) is
located closest to the Jy segments, and is followed approximately 2.5kb downstream by
the Cd gene and much further downstream, (50-150 kb from C8) by the exon clusters
encoding the other H chain isotypes (Fig. 1.2) (16-18). B lymphocytes express i H
chains first during differentiation (18). Differential splicing of primary RNA transcripts
joins V and C region exons, thereby permitting the simultaneous expression of L and 8 H
chains that contain the same variable region (Fig. 1.3) (5, 19, 20). Most virgin B
lymphocytes express both IgM and IgD (20, 21) on their surface. The function of IgD
remains unclear; it might be a particularly effective antigen receptor because it contains an
unusually large hinge region (20). However, mice engineered to lack the functional C8
gene show no major impairment in B-cell development or immune responsiveness (22,
23), although they may show a delay in affinity maturation during the early primary T cell
dependent immune response (24). During an immune response, a B lymphocyte can
express a different H chain isotype (i.e. Cyl or Ce), by replacing the Cu coding
sequences with those of a different C region by a DNA recombination mechanism (class
switching) that is distinct from the mechanism involved in assembly of the variable region
exons (25). This process allows the progeny of a given B lymphocyte to produce
antibodies that retain their original specificity but can perform different effector functions
(25, 26).

The human Cy genes are similar to the mouse counterparts. However, a large duplication
exists in humans at the 3' end of the H chain gene locus, with two copies of a y-y-e-ct
unit (27). One of the duplicated € sequences is a pseudogene in which the CH1 and CH2

domains have been deleted.
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Figure 1.3: Schematic model of the organization of the human K heavy chain gene.

There are multiple Vi regions, each with a leader sequence, families of diversity (D)
segments, six functional joining (Jy) and a single constant (Cl) K gene that is made

up of a number of domains. Single Vg, D and Jy are joined at the DNA level. Both
secreted and membrane form of IgM are derived from a single constant | region

locus. Alternative sites of poly A addition and RNA splicing result in the different
mRNAs containing either the secreted (Cps) or the hydrophobic membrane (Cum)

terminus.



1.2b Light Chain Genes

The murine x and A light chain locus

The murine x locus is located on chromosome 6. There are five murine Jx segments (Jx
1-5), which are located approximately 2.5 kb upstream of a single Cx gene. At least 200
Vi segments, which are grouped into 19 homology based families, lie at an unknown
distance 5' of the Ji segments (8). Lambda light chains account for only about 5% of the
serum light chains in the mouse. In BALB/c mice, three Vj segments and four Cj, region
exons (each C region having a Jj gene segment in close proximity to it) have been
identified (28) (Fig. 1.2). The A C region exons have been amplified to different copy
numbers in separate populations of feral mice, suggesting that expansion and contraction

events in this locus can also occur relatively rapidly.

The human x and A light chain locus

In humans, kappa light chains comprise approximately 60% of the human light chain
protein. The genes of this locus are located on chromosome 2 at band 2p13 (29). The V
protein domain is the consequence of a DNA rearrangement event which joins the Vi and
J gene segments. The first 95 aminoacids of the V region protein are encoded by one of
the multiple V gene segments (the total number is estimated to be around 75-80), divided
in four families based on sequence homology. Similar to the Vg genes, each of these Vk
segments has two exons separated by an intron. The 5' exon codes for a major portion
(residues -19 to -4) of the leader sequence, while the 3' Vk exon codes for the remaining
portion of the leader sequence and most of the V region (residues -3 to 95). The rest of
the Vx region chain is encoded by one of the five functional Jk gene segments which are
separated by 250-300 bp of non coding sequences (Fig. 1.4). The human A light chain

locus is on chromosome 22 at band 22q11.2 region (29). The Cj, complex spans about
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34 kb and contains seven C), genes, each associated with a 5' J) gene segment (30).
Approximately, 40% of human serum L chains are of the A type and, correspondingly,
the human V), locus is more complex than that of the mouse. The human Vj segments
can be divided into at least four homology based subgroups. These Vj gene segments are
organised in an intermingled fashion in the Vj locus, and in the same transcriptional
polarity as the C), complex. Six V, gene segments, only one of which appears functional,

occupy a stretch of approximately 60 kb in length directly upstream of Cy 1.
1.3 Regulation of Ig Gene Expression
1.3a Heavy Chain Gene Expression

The H-chain locus is the first to be rearranged. This process occurs in two steps. The first
event is a D to Jg rearrangement, which invariably occurs on both H chain alleles.
Precursor B cells then undergo Vy to DJy rearrangement on one or both alleles,
generating potentially functional VDJ H-chain genes. Vg to DJy rearrangement does not
occur on alleles that have not first undergone D to Jg rearrangement (31, 32). Since the
VH to DJyg rearrangements are not precise, many of them generate "non productive" out-
of-frame joined segments (VDJ- alleles). When productive rearrangement of any one
allele occurs, further changes in the second allele are inhibited (allelic exclusion) and the
cells proceed to IgL rearrangement. Experimental evidence supports the role of membrane
W chain (Wm) expression in signalling allelic exclusion at the IgH locus. Tran’sgenes
encoding an intact [ chain (specifically its membrane-bound form) prevent or profoundly
impede rearrangements at the endogenous IgH loci. Also, mutants expressing only the
secreted form of the W chain (4s) from one chromosome generate allelically 'included',

double-producing cells (33).
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Control of H chain gene transcription involves both the Vy promoter and a transcriptional
enhancer element which is located within the Jy -Cy, intron (Fig. 1.2) (34). The IgH
chain intronic enhancer (Ey,), functions in cis, and can do so in either orientation and ata
distance of several kb (34, 35). This enhancer element is active specifically in lymphoid
cells, and functions synergistically with the Vg promoter, which is also tissue specific.
An enhancer like element has also been found in the 3' region of the Ig HC locus,
approximately 15 kb downstream of the last Cy gene exons (36). This enhancer is
apparently not required for variable region gene assembly or for expression of Ig L heavy
chains. More recently, in human IgH locus, arrays of enhancers homologous to those 3'
of mouse Co, have been identified (37). These enhancers lie near the 3' ends of the two
duplication units in humans, which encompass the y3-yl-ye-ol and Y2-y4-e-a2 gene

clusters.

Membrane vs Secreted Ig

H chains can be produced in either a membrane-bound or a secreted form, which are
distinguished by specific sequences at their carboxy termini (38). These two forms have '
the same rearranged VDJ segment, but differ in their carboxy terminal amino acids. The
two forms are encoded by mRNA species that arise by alternative splicing of transcripts
derived from a single H-chain gene (39-41). It has been proposed that differential
transcription termination and polyadenylation of the primary RNA transcripts determines
which of the two mRNAs is expressed (39-41). Each immunoglobulin H-chain gene
contains at least two polyadenylation sites. Usage of the promoter proximal poly A site,
located immediately 3’ to the stop codon of the last CH domain results in a mRNA
encoding a secreted H-chain. If, however, transcriptional termination and polyadenylation
occurs at a site located several kilobases to the 3" of the first poly A site, a mRNA
containing sequences from two additional exons (M1 and M2) is produced. These exons

encode the extracellular membrane proximal, hydrophobic transmembrane and -
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hydrophilic cytoplasmic carboxyterminal portions of the membrane H-chain. RNA
processing events remove the first poly A site from the membrane mRINA by splicing
from a conserved donor site in the terminal CH exon (either the CH3 or CH4 exon
depending on the H-chain isotype) to the M1 exon. Thus, it appears that in the case of
immunoglobulin H-chain gene expression, transcription termination at alternative end

sites determines the expression of either the membrane or secreted protein (Fig. 1.3).
1.3b Light Chain Gene Expression

The assembly of L-chain genes follows H-chain gene rearrangement, usually after the
production of a H-chain polypeptide. This DNA recombination event joins one of the
many germline V regions with a particular joining (J) region. If a Vi and a J¢ gene
segment are effectively joined in a cell already possessing an effective H-chain VDJ
recombination, a [, K surface immunoglobulin B cell results. Frequently, however, both
the maternal and paternal set of k alleles rearrange aberrantly, or are deleted. If this
occurs, A gene rearrangements are initiated and, if effective, they result in a U, A bearing
B cell. L chain gene expression appears to be regulated by mechanisms that are analogous
to those that control H chain gene expression. Vi and V), promoters are structurally
similar to Vy promoters, and are most active in lymphoid cells. Activity of the promoter |
of a rearranged Vy segment depends on a tissue specific enhancer located within the Jk-
Cx intron, which seems to act synergistically with the VK promoter. There is an
additional, quite strong, enhancer element located approximately 5 kb downstream of the
Cx gene; the role of this 3'k enhancer is not totally clear (42). Recent studies have
however implicated.the activity of both the intronic and 3'k enhancer as being important

for the somatic hypermutation of associated x transgenes (43, 44).
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1.4 Differentiation of B Lymphocytes

B lymphocytes develop from hematopoietic stem cells in specialized microenvironments
provided by the fetal liver and adult bone marrow of mammals, in an ordered process that
is marked by sequential rearrangements of the immunoglobulin genes (45, 46). The-
development of B lymphocytes can be broadly divided into two major phases. In the first,
antigen independent phase, a programmed sequence of immunoglobulin V-(D)-J gene
rearrangements yields a population of lymphocytes, each of which makes its own
characteristic immunoglobulin molecule. In the second phase, encounter with foreign
antigen leads to a selective expansion of those B cells that make a cognate antibody: they
differentiate into either antibody-secreting plasma cells or memory B cells.

Progression along the B cell differentiation pathway can be monitored by the expression
of developmentally regulated genes. One of the earliest expressed surface marker of B
lineage cells is the Ig gene superfamily member, CD19, a signal transduction molecule
which is expressed throughout B cell development, except on plasma cells (Fig. 1.5), in
both humans and mice. Other cell surface molecules defining early developmental stages
of B cells and their progenitors include CD34, CD22 and CD10 in humans, B220, CD43,
CD24 and BP-1 in mice, and intracytoplasmic and surface Ig in both species.

B lymphocytes undergo genotypic changes by rearranging V, D and J gene
segments to encode functional antigen receptors, making the rearrangement status of the
immunoglobulin Vy and V, (i and A) genes useful developmental markers. The Vi gene
rearrangement process is initiated (D-Jy) in pro-B cells, which remain incapable of Ig
production except in mice, in which transcripts of DJy rearrangements in reading frame
(RF) 2 are translated into truncated Dy protein. There is powerful selection against cells
using RF2 because of the defective receptor role for the DU protein (47). The Iga and Igp
chain components of the antigen receptor are expressed within pro-B cells, as are

surrogate light chain (WLC) proteins encoded by the VpreB and A5 (mouse) or 14.1
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(human) genes (48). VpreB and AS genes are exclusively expressed in pre-B cells and
have single Ig like domains, the former resembling variable regions and the latter
resembling A constant regions. Unlike the classical light chain genes, the A5 and VpreB
genes do not undergo rearrangement. Completion of a productive Vy rearrangement (V-
DJy) results in pre-B cell expression of |1 heavy chains, most of which are retained in the
endoplasmic reticulum (ER) and some of which associate with Igo, IgB and WLC to reach
the cell surface as the pre-B cell receptor (BCR) (47, 48). Iga/IgB heterodimers are
essential components of the pre-BCR. Ig molecules fail to reach the cell surface in the
absence of these signal transducing units, leading to severe pre-B cell deficiency in gene
knockout models (49).

The pre-BCR is involved in the selection and amplification of pre-B cells by
“signalling the proliferative expansion of those pre-B cells that have succeeded in a
functional Vy(D)Jy rearrangement. In the pro-B cell stage, where the rearrangement of
the IgH locus is initiated, only 15% of the cells are in the S or G2/M phase of cell cyclé.
Productive IgM rearrangement and appearance of pre-BCR expression coincides with the -
transition to large, rapidly cycling pre-B-II stage in which 70% of the cells are in S or
G2/M. These large pre-B-II cells subsequently give rise to a resting population (small
pre-B-II), in which fewer than 5% of the cells are in S and G2/M phases; this population
is the principal site of IgL-chain rearrangement. In mice which are deficient in the
recomﬁihase activating genes (RAGs) that are required for Ig gene assembly, the pro/pre-
B-I to large pre-B-II transition is blocked and the total number of B-cell progenitors is
reduced. Expression of a | transgene in RAG-deficient mice overcomes this block,
restoring the B-cell progenitor pool to its normal size and resulting in the accumulation of
cells at the small pre-B-II stage. In addition to this role, pre-BCR also signals for allelic
exclusion at the IgH locus by turning off Vg to DJy rearrangements at the second IgH
allele. Recently performed domain swapping experiments indicate that the cytoplasmic

domains of Iga and IgP are interchangeable in signalling B cell development and allelic
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Figure 1.5: Scheme of the B cell differentiation pathway, beginning with the
lymphoid progenitor offspring of multipotent hemopoietic stem cells (not shown) and
ending with Ig-secreting plasma cells. This model depicts one view of the stage-
specific expression of pre-B cell réceptors, which are composed of p HCs, Iga and
IgP heterodimeric signal-transducing units and V pre-B and A5/14.1 surrogate light
chain proteins, and B cell receptors, which utilize conventional light chains, either X
or . The CD19 molecule serves as an important lineage marker and coreceptor for
both the pre-B and the B cell receptors. TdT in pro-B cells adds nontemplated (N)
sequences in the receptor V(D)J joints. The inverted T symbols indicate the stages in
the pathway in which differentiation blocks result from deletion of murine genes
encoding essential transcription factors (Ikaros, E2A, EBF, Pax5), proteins
necessary for receptor gene recombination (RAG-1/2), or signaling elements (Syk,
lyn).
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exclusion since, deletion of almost the entire Igo cytoplasmic domain had only a minor
effect on B cell development, because receptor expression and IgB signalling remains
intact (50). Nevertheless, the generation of the peripheral B cell pool was severely
impaired in these mice, suggesting that an Igo mediated developmental checkpoint
screens for functionally intact BCRs.

The pre-BCR may also be involved in repertoire selection, since pre-B cells
expressing certain Vy genes are selected for contribution to the B-cell repertoire (51).
Subsequent rearrangement of a ¥ or A LC V gene (VL-J1) permits cell surface expression
of conventional sIgM receptors on the immature B cell which exits the bone marrow and
migrates to the periphery. Mature B cells in spleen and secondary lymphoid organs
express both IgM and IgD receptors and in response to cognate antigen and T cells
undergo proliferation and differentiation into either memory B cells or Ig-secreting plasma
cells. Memory B cells are relatively long lived and are more easily triggered than virgin B
cells on subsequent encounters with the same antigen. The differentiation of the mature B
cell to plasma cell is accompanied by the loss of surface immunoglobulin expression as a
consequence of conversion from the synthesis of membrane to secretory immunoglobulin
molecules. Mature plasma cells are short lived and produce large amounts of secreted

immunoglobulins.
1.5 The B Cell Antigen Receptor Complex

B cell antigen receptor (BCR) complexes of all Ig classes consist of a membrane bound Ig
(mIg) molecule and an Ig-c/TIg-B heterodimer. Ig-o and Ig-f3 are transmembrane proteins
comprising an extracellular Ig domain and a cytoplasmic sequence of 61 and 48 amino
acids respectively. These proteins are encoded by the B-cell specific genes mb-1 and
B29, respectively. The association of the Ig-o/Ig-B heterodimer with mlg is usually

required for surface expression and is always necessary for the signalling function of the
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BCR complex. The human and mouse Ig-o and Ig-B proteins display a sequence
homology of more than 70% and 75% respectively (52-54). The conservation is
particularly strong in the transmembrane and cytoplasmic part of these proteins. In the
latter sequence both Ig-o and Ig-B carry the TyrXXLeuXXXXXXXTyrXXlIle motif
(where X= any amino acid) (55, 56) which is called the immunoreceptor tyrosine-based
activation motif (ITAM) (Fig. 1.6).

The B cell antigen receptor (BCR) regulates three central features of immune
system function. First, it acts as a checkpoint regulator in B-cell development, controlling
both allelic exclusion and early cellular transitions, thus signalling the fate of a B cell even
before it encounters antigen. Second, as predicted by the clonal selection theory,
crosslinking of the B-cell receptor with antigen can lead to clonal expansion and the
production of specific antibodies. The third function of membrane-bound
immunoglobulin is as a receptor for antigen capture and presentation. More recently, a
fourth function for the BCR has been elucidated (57). Lam et al. have shown that the
persistence of mature B lymphocytes depends on the continued presence of BCR, even
without encountering the foreign antigen. This means that mature B cells need continual
signalling from BCR in order to stay alive. This persistence signal does not lead to the
entry of B cells into cell cycle or an upregulation of the costimulatory molecules for T cell
interaction- changes which rapidly ensue when the BCR on the same cells is intentionally
crosslinked with high affinity antigen or anti-immunoglobulin antibodies. Thus, on a
single cell, BCR can deliver quite different signals: one that leads to persistence and
another leading to activation. The distinction may lie in the nature and extent of BCR

crosslinking.
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The antigen B-cell receptor

Figure 1.6: Structural model of the B-cell antigen receptor complex (BCR). The
antigen receptor consists of membrane Ig, with its two transmembrane heavy chains
and two light chains, bound in a complex with one or more disulfide-linked
heterodimers of Ig-ct and Ig-B. Upon crosslinking of the BCR, src-family kinases are
activated, tyrosine residues (Y) in the immunoreceptor tyrosine-based activation motif
(ITAM) are phosphorylated and the spleen tyrosine kinase Syk is recruited to the
activated receptors. These events induce activation of phospholipase Cy (PLCY),
production of inositol (1,4,5)-triphosphate [Ins(1,4,5)P3] and Ca?* release.
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1.5a Signal transduction from the BCR

Crosslinking of the BCR results in the activation of several protein tyrosine kinases
(PTKSs), leading to tyrosine phosphorylation of substrates and activation of multiple
biochemical pathways. The ITAM motif plays an important role in the communication
between the BCR and two types of PTKs: the src- family kinases (Lyn, Blk, Fyn and
Lck) and the spleen tyrosine kinase Syk. The N- terminus of Lyn or Fyn binds
unphosphorylated Ig-a, and amino acids close to the second ITAM tyrosine residue of
Ig-o were shown to influence binding to Fyn (58). A functional analysis of Ig-o
mutations in an Ig-o-deficient B-cell line showed that a double mutation of the two ITAM
tyrosine residues prevents PTK activation via the BCR (59). Phosphorylation of these
residues results in increased binding of proteins with src-homology 2 (SH2) domains
such as the src-family kinases or the SH2-domain containing adapter protein Shc (60).
The stoichiometry of this association, however, is low (1-3%). Depending on the
developmental stage of the B cell or the presence of co-stimulatory ‘signals, signal
transduction via the BCR can result in either cell activation or cell death by apoptosis. The
src-related PTKs may play a role in the latter response as antisense oligonucleotides to blk
can prevent apoptosis in activated CH33 B lymphoma cells (61). The two tandem SH2
domains of Syk also bind to the double-tyrosine phosphorylated ITAMs of the BCR.
Deletion of both alleles of the gene encoding Syk from the genome of a chicken B-cell
line demonstrated that Syk controls the signalling pathway between the BCR and
phospholipase Cy (PLCy) (62). The surface proteins CD22 and CD19 as well as
cytoplasmic proteins HS1, PLCY2 and Vav have been identified as PTK substrates in
BCR-dependent signal cascades (63, 64). HS1 carries an SH3 domain and seems to play

a critical role in the induction of apoptosis in activated B cells.
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1.5b Internalization of the BCR

Crosslinking of the BCR results in internalization of the receptor with the bound antigen
(65, 66). This internalization is thought to occur by a clathrin-independent pathway
involving capping and invagination of the lymphocyte plasma membrane. The BCR-
antigen complex is processed in lysosomal compartments and antigen is presented in the
form of major histocompatibility complex (MHC)-bound peptides on the surface of the B
cell. Signalling and internalization of the BCR are regulated differently. Internalization
does not require PTK activation nor the presence of a functional ITAM in the cytoplasmic
tail of Ig-o or Ig-B. However, a functional analysis of IgM-Ig- chimeric molecules has
shown that the cytoplasmic tail of Ig-B promotes internalization (65). On the other hand,
internalization seems also to occur independently of the Ig-o/Ig-B heterodimer in COS
and L cells, which donot produce these proteins. A pm chain with a deletion of the first ,
constant domain (CH1) can be expressed as a transmembrane protein on these cells and is
also internalized after cross-linking (67). However, because of the absence of a time
course experiment and of a parallel study of Ig-c/Ig-B-associated mlIgM molecules on
COS cells, it is unclear whether the internalization of the truncated Wm chain is as efficient
as that of the complete BCR complex. In a mutation analysis of the um transmembrane
segment it has been shown previously that a Tyr to Phe mutation at position 14 of the um
sequence can abolish antigen presentation but not signal transduction (68). A similar
result was obtained in a domain shuffling experiment, a chimeric mlIgM/I-Aca molecule,
in which the first 8 amino acids of the um sequence are replaced by the transmembrane
sequence of the MHC class II I-Aq. protein, is competent for signalling but deficient in
antigen presentation (69). These data suggest that the BCR can interact in multiple ways
with the internalization machinery, either via the |im transmembrane part and/or via the

cytoplasmic sequence of Ig-ot and Ig-B.
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Antigen capture and presentation by B cells is thought to be particularly important in
secondary immune responses. The pool of antigen-specific B cells that participate in
memory responses are selected and clonally expanded during the primary response.
Thus, there are more B cells with high affinity receptors for specific antigen available for ‘
antigen capture during secondary responses, and these memory B cells appear to be
particularly efficient at presenting antigens. Memory B cells frequently carry somatic
mutations in their immunoglobulin genes, these mutations are produced by an unknown
mechanism during clonal expansion in response to antigen in germinal centers. Memory
B cells also express secondary heavy chain isotypes, such as v, o and . Experiments
were done to determine whether the conserved cytoplasmic domains of the membrane
IgG and IgE are essential for memory B cells to respond to antigen. Mouse and human
IgM and IgD have a three amino acid cytoplasmic tail (Lys-Val-Lys), that of IgA has 14
amino acids, and those of IgGs and IgE are extended by 25 and 28 amino acids
respectively (70). Knight et al. analyzed the cytoplasmic tail of human IgG1 and found
that the sequence mediated both internalization and targeting to the endosomal
compartment for antigen processing and subsequent presentation (71). By comparing the
reconstituted IgG1l in cell lines either expressing or lacking Ig-o/B, they found no
difference in antigen presentation as long as the cytoplasmic tail was intact. A complete
IgG1 presented antigen equally efficiently in the presence or absence of Ig-o/f. An IgGl
lacking a cytoplasmic tail, however, presented antigen ten fold less efficiently in the
absence of Ig-0/B, a drop that was not apparent when Ig-0/ was present. Kaisho et al.
and Achatz et al. used gene targeting to generate mice homozygous for alterations to the
cytoplasmic tails of IgG1 and IgE (72, 73). Truncation mutations were done such that the
cytoplasmic tails of the memory isotype became identical to that of IgM, or both the
cytoplasmic and transmembrane regions were deleted. Deletion of the cytoplasmic
domains of y1 or € heavy chains resulted in a substantial reduction in the number of B

cells expressing surface immunoglobulin G1 or E, and a marked decrease in serum
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immunoglobulin G1 or E. With the y1 tail deletion, primary IgG1 responses were one
order of magnitude below the control level and with the ¢ tail deletion, IgE responses
were 50% of the control level. In addition, there was a failure of affinity maturation of the
antibody response with the 1 tail deletion. Thus, the conserved cytoplasmic tails of the ¥
and € heavy chains are essential for normal immune responses and for expansion and
maintenance of IgG1 or IgE bearing memory cells. The above experimental data suggest
that the structural requirements for internalization and subsequently antigen presentation

differ from and are more stringent than those for signalling.
1.6 Generation of the antibody repertoire

1.6a Primary diversification mechanisms

Newly - generated virgin B lymphocytes express a 'primary’ repertoire of antigen binding
specificities which has not been influenced by contact with antigens or other selective
forcés. The wide range in specificities of this primary Ig repertoire in mouse and humans
derives from the somatic V(D)J assembly process (4). The reservoir of hundreds of
germline Vg and VL gene segments provides a primary source of diversity in CDR!1 and
CDR2. The assortment of different Vi, D and Jg sequences or V, and Ji, sequences
provides an even greater source of diversity in CDR3. Mechanisms also exist to promote
heterogeneity in the junctions of coding segments (junctional diversity) leading to great
variations in the amino acid sequence of CDR3, even among variable region genes
generated from the same V, (D), and J segments (74, 75). The pairing of different
combinations of H and L chains further diversifies the primary antibody repertoire, which

is estimated to be about 101! different antibodies or greater (76).
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Selection of the primary antibody repertoire

The mechanisms shaping the primary antibody repertoire (that is, the repertoire expressed
by the cells_ joining the peripheral pool of IgM* IgD™ cells) fall in two categories. First,
the mechanisms of antibody diversifications can themselves mediate selection. In the
newborn mouse, the repertoire is restricted by the paucity of N-region insertion, together
with preferential recombination of V, D and J elements at short sequence homologies.
Later, diversity is drastically increased by N-region insertion at the borders of Dy and in
humans, the Vk-Jx border (77). Diversity is also restricted by the inability of certain H
and L chains to pair properly and by differences in the usage of the various germline V, D
and J elements (47). Second, there is ligand-mediated negative selection of cells
expressing autoreactive antibodies. Transgenic mice, in which most newly generated B
cells express an antibody against an antigen with strong crosslinking capacity that is -
present in the bone marrow have no such B cells in their peripheral immune system (47).
This negative selection is either due to apoptotic death on encountering antigen or by
rescue of the autoreactive cells by further immunoglobulin rearrangement. Depending on
their affinity for antigen, autoreactive cells may survive in the bone-marrow for long
enough to be rescued if their receptor is replaced by an innocent one. This receptor editing
is frequently seen at the Igik locus, which can undergo successive rearrangements and can
be inactivated by RS recombination, facilitating IgA rearrangements (47).

Newly generated autoreactive B cells are also negatively selected on encountering soluble
antigen, producing inefficient BCR crosslinking. Such cells can leave the bone marrow,

but they down-regulate surface IgM and enter an anergic (antigen-unresponsive) state

(78).

1.6b Secondary antibody repertoire
Affinity maturation of antibodies and immunological memory both reflect a process of

somatic evolution in which mutants are generated from the primary antibody repertoire.
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The antigen not only selects rare antibody mutants on the basis of their affinity, or
improved on-rate of binding, but also induces their generation, triggering hypermutation
in antigen-activated B cells in a special pathway of differentiation called the germinal
centre response (47). When the antibody V-region genes in the germ line were compared
to those carried by B cells at various stages of differentiation, it was seen that the
antibodies were virtually unmutated early in the response, but point mutations were seen
in the V (but not C) regions at increasing frequency as the response progressed (79).
Both silent and replacement mutations occurred, and these key mutations increased the
affinity of the antibody. The existence of sequences sharing identical, unique VgDgJg or
VLJL rearrangements, but differing by point mutations indicated that somatic mutation
occurs stepwise in the course of cell proliferation, corresponding to stepwise affinity

maturation.

Somatic hypermutation

The somatic mutation process can occur over the entire assembled variable region gene
and hence it can generate diversity in all CDRs. Although the mutations can be scattered
over the rearranged V genes, this process is not random, in that intrinsic hot spots can be
discerned (80). Replacement mutations are often overrepresented in CDRs and
underrepresented in the framework regions, whereas the opposite is true for silent (S)
mutations. Little is known about the cis-acting DNA sequences responsible for the
hypermutation mechanism. An approach for systematic delineation of such sequences -
came from the observation that the rearranged V gene of an immunoglobulin Lk chain
transgene can constitute a target for the hypermutation process (44). Using this approach
it was demonstrated that sequences downstream of Ck are necessary for somatic mutation
of the linked V-transgene (43). Removal of either the 3' enhancer or the intron enhancer

resulted in a dramatic fall in the rate of hypermutation. However, the substitution of the V

gene promoter and 5' untranslated region with that of the $-globin gene did not affect the
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mutation rate to any significant degree suggesting that the V region promoter does not
possess factors involved in recruiting the hypermutation mechanism (44).

An additional somatic mechanism, gene conversion, has been implicated as the primary
generator of Ig H and L chain diversity in chickens (81). Gene conversion is the process
by which a portion of sequences within one gene is replaced by sequences from another
gene, while both structures remain intact along the chromosome (82). However, somatic
gene conversion is not a general mechanism for repertoire diversification in human or

murine B lymphocytes (83).

The germinal centre reaction

Affinity maturation and memory generation take place in the special microenvironment of
germinal centres (84). Germinal centres arise inside follicles' composed of naive B cells
on immunization with T-cell-dependent antigens. They are characterized by the rapid
expansion of an oligoclonal population of antigen-activated B cells in a highly organized
microenvironment whose main other components are antigen-specific helper T cells and
follicular dendritic cells (FDC). The FDC carry on their surface antigen complexed to
antibodies and components of the complement system, and this form of antigen
presentation, together with signals delivered by the T helper cells, is critical for the
selection and maturation of high affinity memory cells (84). Unlike resting, naive and
memory B cells, proliferating germinal centre cells express only low levels of Bel-2 and
seem programmed to die unless rescued by signals involving antigen and antigen-specific
T cells. Cells expressing high-affinity antibodies are thus positively selected in this
microenvironment and competition between mutants for antigen and T-cell help could be
an important contributor to efficient selection. Another factor may also be the isotype
switch which takes place in the germinal centre and leads to the expression of antibodies

of class G, A or E, instead of the original classes M and D (87).
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The germinal centre B cells can also be negatively selected by ligands binding to their

BCR. They undergo rapid apoptosis on encountering antigen in the absence of T-cell help

(85).

After a few weeks, the germinal centres shrink and disappear. Surviving B cells, which

have probably undergone several rounds of positive selection in the germinal centre, -
upregulate bcl-Z and enter a resting state. These cells express a novel repertoire of

hypermutated, high affinity antibodies (86).

1.7 Class Switching

After antigen activation, surface IgM*IgD™ B cells often switch to expressing a different
heavy-chain constant region (Cy), resulting in a change in the class of antibody
synthesized and a change in the effector function of the antibody produced. The
expressed V(D)J region and light chain do not change, thus specificity of antigen binding
is unaltered. The change in antibody class is effected by a deletional DNA recombination
event called switch recombination, which occurs between tandemly located sequences, |
called switch (S) regions, which are located upstream to each of the Cgg genes (Fig. 1.7).
An exception is IgD, which is co-expressed with IgM in mature B cells by alternative
RNA processing and termination of transcription (88). Because switch recombination
occurs in mature B cells upon exposure to antigen, the heavy chain class chosen is
influenced by the antigen. In T-cell dependent (TD) responses, antigen induces switching
in conjunction with contact-dependent signals from T cells and signals from cytokines. T-
cell independent (TI) responses also induce class switching by signals from surface Ig
crosslinking, along with cytokines synthesized by a variety of cell types. Normally, class
switching is induced in response to TD antigens by signals from both surface Ig
crosslinking and from CD40. Mice that are deficient in CD40 or CD40 ligand (CD40L)

respond normally to TI-2 antigens producing abundant antigen specific IgM and 1gG3
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and normal amounts of IgG1, IgG2b, and IgA. Expression of IgE, however, appears to
require CD40 signalling (89, 90). Antibody class switching begins in B-cell foci in the
periarteriolar lymphoid sheaths and also in germinal centers, about six days after
activation by TD antigens. It occurs approximately simultaneously with, but
independently of, somatic mutation (91).

Cytokines e.g [IL-4, transforming growth factor (TGF-B) and interferon (IFN)-y]
regulate the isotype specificity of switching by regulating transcription of unrearranged or
germline Ig Cy genes before class switching.

The germline transcripts originate 5' to the switch regions; the spliced products contain an
I exon joined to the C region. The transcription of the germline transcripts terminates at
the normal poly(A) sites for secreted or membrane-bound heavy chain mRNAs (88). The
I exons generally display multiple stop codons in the three reading frames and therefore
are unable to code for any peptide of significant length. After switch recombination, the
segment of DNA 5' to the switch region is deleted from the chromosome, and thus
germline transcripts cannot be synthesized after class switching; instead mature heavy-
chain mRNA is transcribed. Although there is no significant sequence conservation
among different germline CH transcripts, their overall structure is conserved, suggesting
that the germline transcripts function in the regulation of class switching recombination
(92). This has now been confirmed by gene targeted mutation experiments. Replacement
of the promoter and I exons of unreafranged Y2a or yl‘ genes with a neomycin-resistance
gene in the reverse orientation relative to the heavy-chain gene results in no switching on
that chromosome to that particular CH gene, although the other allele and other CH genes
on that chromosome are unaffected (93). If the promoter Ie or Iyl segments are replaced
by heterologous strong promoters, each of which was shown to drive transcription‘
through the S region and CH gene, switching still does not occur to that CH gene,
indicating that transcription per se is not sufficient to direct switching to that switch

region (92, 93). When the DNA segment containing the splice site for the Iyl exon is
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Figure 1.7: Diagrams of the Ig heavy-chain locus in a mouse B cell expressing IgM
and of the class switch to IgG1. (a) Expanded diagram of a DNA segment containing
the unrearranged Cyl gene, showing the Iyl exon and primary transcript and a
splicing diagram of germline Yl transcript. As is true for all germline transcripts, the
primary transcript is spliced to generate a germline RNA containing an upstream or
germline exon (I exon) spliced at the normal splice acceptor for mature heavy-chain
mRNA. (b) Ig heavy-chain locus in an IgMt B cell and switch recombination to
IgG1. (c) Ig heavy-chain locus in an IgG1+ B cell, showing primary Y1 transcript
and mature mRNA.
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restored back to its original location and placed immediately 3' to the heterologous
promoter, switching is recovered (94). Hence, the correctly spliced transcript, and not
just nuclear transcription of the region, is needed for switch recombination.

Switch regions consist of G-rich, simple tandem-repeat sequences of 1-10 kb in length.
Switch recombination can occur at many different sites within S regions, and no precise
sequence specificity exists for the site of recombination within the S regions, although
recombination may occur preferentially near certain sequence motifs within the tandem
repeats (95). B cells that have undergone a class switching recombination event usually
have deleted all of the Cyy gene segments between the Su region and the S region of the
CH gene that is expressed, since extra chromosomal circles generated by S-S mediated
deletions and containing intervening DNA have been isolated (96). There is also some
evidence that intervening DNA may be deleted as a linear molecule but it is not clear how
frequently this occurs. A variety of evidence also indicates that once a B cell has switched
to a particular Cy gene, it can, upon appropriate stimulation, undergo an additional switch
to a downstream Cy gene. The evidence for this came from the findings that some switch
recombination sites contained fusions of three separate S regions (e.g the S region
linked to Se by a segment of Sy (97, 98). Also, following switch recombination, the
germline I|L promoter continues to be actively transcribed in association with the
downstream Cy gene, generating a hybrid germline transcript consisting of the It exon
spliced to the Cy exons of the switched Cy gene (99). Because of the potential
involvement of germline transcripts in switch recombination, such a transcript could be
important for sequential switch recombination. Sequential switching appears to be a
physiologically relevant process, but its precise role has yet to be determined since it is
not a required pathway. For example, mice harbouring a deletion of the Iyl exon and
promoter still undergo switching to the Ce locus even though they are unable to switch to

Cv1 locus first (100).
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1.7a Switching to IgE

In both mouse and humans, IL-4 is the critical stimulus for isotype switching to IgE. This
cytokine stimulates IgE responses by purified mouse mononuclear cell cultures stimulatcd
with either LPS (101) or activated T cells (102), or by purified human B cells cultured v
with EBV (103), anti-CD40 antibody (104), hydrocortisone (105), mouse EL-4 cells +
PMA (106). IL-4 induced IgE production can be blocked with anti-IL4 antibodies, further
confirming the role for this cytokine in the IgE class switching. Similarly, IL-4 knock-out
mice are unable to synthesize IgE (107). More recently another cytokine, IL-13 has been
identified as a switch factor to IgE in humans (108). IL-13 has an approximately 30%
homology to IL-4 and shares many of its biological activities. In mice this cytokine does
not promote IgE synthesis since murine B cells do not express a receptor for IL-13. Both
IL-4 and IL-13 are capable of inducing e-germline transcripts in human B cells, and they
provide the first signal for the induction of IgE synthesis. The promoter region of the Ie
exon contains a binding site for an IL-4 responsive element (109). This site
(TCCNNNGAA) is known to bind a family of transcription factors known as signal
transducers and activators of transcription (STAT). STAT proteins are found in the |
cytoplasm; they are activated after tyrosine phosphorylation, translocate into the nucleus,
and activate gene transcription through binding of STAT binding sequences (110). IL-4
and IL-13 both induce STAT6, which binds the STAT binding sequence of the Ie
promoter and can induce germline transcription (109, 111). STAT6-deficient mice are
unable to make IgE, supporting the hypothesis that STAT6 - driven Ce gene transcription
is critical for class switching. STATG6 acts in concert with other transcription factors e.g.,
one or more members of the C/enhancer binding protein (C/EBP) family and nuclear
factor-kB (NFxB/Rel) proteins (112). A region in the murine & germline promoter 3' to
the STAT6 binding site has also been shown to bind another transcription factor, B cell

lineage specific activator protein (BSAP) (113). BSAP is encoded by Pax3, which is a
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member of the Pax gene family of homeodomain transcription factors (114). Recent
studies have investigated the role of BSAP in the transcriptional regulation of the &
germline promoter in human B cells. The data shows that BSAP binds to the human ¢
germline promoter and is essential for both IL-4 dependent induction and CD40 mediated
upregulation of human € germline transcription (115).

In addition to cytokines, activation of the CD40 molecule on B cells is important for
isotype switching. Crosslinking of CD40 on B cells with anti-CD40 antibodies allows for
IgE production in the presence of IL-4 or IL-13, and IgA production in the presence of
IL-10 and TGF-f (116). The natural ligand for CD40 is CD40L, which is expressed on
activated T cells and mast cells (117, 118). The critical role of CD40 in B cell function
has been illustrated in patients with X-linked hyper-IgM syndrome who lack the
expression of functional CD40L due to mutations in its gene (119). B cells from patients
with hyper-IgM syndrome do not switch from IgM to other Ig classes and do not form
germinal centers in the spleen. Also, some patients have normal expression of CD40L but
have defects in the CD40 signalling pathway (120).

Although IL-4 stimulates switching of mouse B cells to both IgE and IgG1 and by human
B cells to both IgE and IgG4, differences exist in the kinetics of switching to the different
isotypes, the concentrations of IL-4 that are required to induce switching and the
requirement for costimuli. There is a 12 to 16 hours delay in the generation of most IgE
responses, as compared to the IgG1 response, by mouse B cells cultured with LPS plus
IL-4 (121). Similarly, human B cells stimulated with IL-4 plus anti-CD40 antibody
secrete detectablé IgG4 approximately 2 days earlier than they secrete detectable IgE
(122). Both observations are consistent with the interpretation that switch from IgM to
IgE typically involves an initial switch to an IgG isotype and then a second switch to IgE,
as already discussed in the previous section. Both IL-4 and IL-13 are also produced by
mast cells and basophils upon appropriate stimulation (123). A variety of cytokines can

modulate IL-4 and IL-13 mediated IgE synthesis. IgE synthesis can be enhanced by the
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cytokines IL-5 and IL-6 in vitro. An involvement of TNF-o and its receptors CD120a

and CD120b for the induction of IgE synthesis in vitro has also been suggested (124).
CD23, the low affinity receptor for IgE, is upregulated on B cells by IL.-4 and also plays
a role in the induction of IgE response (101). Some monoclonal antibodies to this
receptor inhibit the IgE response of human peripheral blood mononuclear cells cultured
with IL-4 alone or with IL-4 plus hydrocortisone (127).

A number of different compounds have been identified that specifically inhibit IgE
responses. The inhibitory effects of these compounds vary, however, depending on the
costimulus that is employed to induce the IgE response. IFN-y inhibits germline ¢ mRNA
expression and IgE secrétion by human peripheral blood mononuclear cells cultured with
IL-4 (125, 146). IFN-y has no effect, however, on IgE secretion by human B cells
cultured with IL-4 plus anti-CD40 antibody. IFN-¢ also inhibits IgE secretion by human
peripheral blood mononuclear cells cultured with IL-4 (117, 146), and by human B cells
cultured with IL-4 plus Epstein-Barr virus (126). Another cytokine, IL.-12, has been
reported to suppress IgE secretion by human B cells stimulated with IL-4 plus

hydrocortisone, indirectly by inducing IFN-y (128).
1.8 IgE and Allergy

Prausnitz and Kiistner first demonstrated the presence of a factor in the blood of
allergic subjects which when transferred to the skin of non-allergic individuals rendered
them sensitive to allergens (129). This substance was identified as a cytophilic antibody
iﬁ the late 1960s by Ishizaka and Ishizaka (130), but the lack of human cells that produce
it in sufficient amounts was a serious drawback for its further investigation. It could
nevertheless, be separated from the known immunoglobulins IgM, IgG, IgA and was
named IgE for the erythema that allergens provoke in sensitive skin (129). The discovery

of rat immunocytomas by Bazin and his colleagues (131), together with a rare human
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myeloma reported by Johansson and Bennich (132), was a major breakthrough that
provided the first tangible evidence for the existence of IgE (133). The protein produced
by these cell lines afforded a standard for the measurement of IgE concentration in blood
as well as material for the first structural studies. These cells were also the source of
messenger RNA for the e-chain cDNA cloning and the starting point for some of the later
structural studies of IgE (129).

The word allergy comes from a Greek term that means altered reactivity and thus
includes all the mechanisms of hypersensitivity. The most common allergic diseases are
asthma, allergic rhinitis, atopic dermatitis and food allergies, but the most dangerous is
anaphylactic shock, usually provoked by insect stings or parenteral medication. Allergy in
one form or another afflicts more than 20 percent of the population, and is generally
caused by the overproduction of IgE in response to common environmental antigens,
such as those present in pollen, food, house dust mites, animal danders, fungal spores,
and insect venoms. IgE is produced only in mammals and is one of the five classes of
human antibody. It constitutes a minuscule fraction of the total immunoglobulins in serum
(50-300 ng/m1l as compared with 10 mg/ml of IgG) and is therefore of little help in
neutralizing antigens. However, its action is powerfully amplified by the receptors to
which it binds.

The interaction between IgE and its high affinity receptor (FceRI) on mast cells
and basophils is a key step in allergic response. When a multivalent allergen associates
with FceRI-bound IgE it crosslinks the receptor molecules on the cell membrane, triggers
degranulation of the cell and causes a rapid release of stored mediators, notably
histamine, and further stimulates the synthesis and secretion of cytokines that attract and
activate inflammatory cells. FceRI has recently been discovered also on Langerhans cells
(134), eosinophils and activated monocytes, but its biological function in these cell types

has not been completely elucidated (135).



35

Early studies by Nissim and colleagues (136) had indicated that the high affinity
receptor binding site of the IgE molecule can be assigned to the ¢ H-chain constant
region, since isolated Fce fragments (Ce2-Ce4), obtained by limited proteolysis of IgE,
were able to bind to mast cells with an affinity similar to that of the intact molecule.
However, fragmentation of the Fce into smaller pieces destroyed its receptor binding
capacity (136). In addition, it has been shown that maintenance of the native
conformation of IgE is important in its binding to the FceRI (137). Studies in rodents
demonstrated that a region in the cleft between the Ce2 and Ce3 is protected from
proteolysis when bound to the FceRI (138). The precise site on the IgE molecule that
interacts with the FceRI was further elucidated using recombinant DNA technology.
Cloned Ce gene segments of both human (139, 140) and mouse IgEs (141, 142) were
expressed in bacteria (143) and mammalian cells (136) as complete molecules,
recombinant peptides or chimeras containing both rodent and human domains. Functional
studies of these molecules provided direct evidence that the first twelve amino acids of
Ce3 are required for binding to FceRI, but also showed that other residues in Ce3 or Ced
influence this binding. Similar results were obtained from mapping studies with anti-IgE
monoclonal antibodies (144). More recently, based on a model of the IgE Fce3 (which is
homologous to the second constant domain of IgG), homology scanning mutagenesis and
replacement of individual residues were used to determine the specific amino acid
residues in human IgE binding to human FceRI (145). The amino acids were found to be
localised in three loops, which form a putative ridge on the most exposed side of the Fce3
domain of IgE and include a number of charged residues suggesting that the binding is
mediated primarily by electrostatic interaction.

Activation of inflammatory cells by the products of mast cell degranulation
induces the expression of the "low affinity " IgE receptor, FceRII, also known as CD23,
on eosinophils, monocytes, and Langerhans cells (146). This molecule is constitutively

expressed on B lymphocytes and has been implicated in the regulation of the IgE
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response (129, 134). Like in the case of FceRI, studies with monoclonal anti-IgE
antibodies and recombinant or chimeric IgE molecules pointed to Ce3 as the site of
FceRII interaction (147, 154). Studies with recombinant IgE confirmed that the Ce3
domain is involved in binding and also indicated that this domain must be dimeric since a
single Ce3 did not bind to FceRIL These studies also localized the IgE binding region in
the vicinity of the glycosylated residue Asn 371, but showed that the carbohydrate

components of IgE are not required for this interaction.
1.8a Alternative Spliced Forms of Human IgE

Only one active gene coding for the € heavy chain is present in humans. The & heavy
chain gene consists of four C region exons (CH1-CH4) and two membrane exons; the
latter encode the transmembrane and cytoplasmic parts of membrane-bound IgE.
Alternative splicing of sequences employing novel donor and acceptor sites 3' to the last €
heavy chain domain leads to the formation of multiple € mRNA variants. These different £
mRNA variants have been detected in all human IgE producing cells i.e in the human IgE
producing myeloma U266, and its subclones SKO-007 and AF10, in peripheral blood
lymphocytes (PBLs) stimulated to produce IgE with IL-4 and anti-CD40 mAb, in human
B cells spontancously producing IgE isolated from patients with hyper-IgE
immunodeficiency syndrome or atopic dermatitis, from fresh cells obtained from nasal
washes of normal subjects challenged with diesel exhaust particles, and from
unstimulated PBLs (148-152), demonstrating that these alternatively spliced isoforms
occur naturally in non-atopic and atopic humans (Fig. 1.8). The different emRNAs
encode two membrane (¢€CH4-M1-M2 and eCH4-M1'-M2) and five potentially secreted
(eCH4-S, eCH4*, eCH4'-1, eCH4-M2' and eCH4-M2") e-heavy chains. The secretory
isoforms include the classical secretory IgE H chain (¢CH4-S) and four isoforms which

lack either portions of the CH4 domain (eCH4* and eCH4'-I) or contain additional amino
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Figure 1.8: Diagrammatic summary of 3' ends of various € mMRNA species detected
in reverse transcriptase PCR experiments. A schematic representation of the 3'end of
- the Ce gene is shown at the top. Open boxes represent coding sequences, shadowed
boxes represent 3' untranslated regions.

In the diagram of the alternatively spliced & transcripts, filled and open boxes
correspond to translated and untranslated regions, respectively. Stop codons are
indicated by asteriks. The names of each of the splice variant is indicated on the left.
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acids in their carboxy termini encoded by different parts and reading frames of the M2
exon (eCH4-M2' and eCH4-M2").

It was of great interest whether these novel mRNAs encode functional proteins
and whether these various forms of IgE play distinct roles in the immune response. With
the exception of the classical secreted and membrane form, analysis of the U266 cellular
extracts and supernatants did not confirm the existence of proteins corresponding to the
alternatively spliced ¢ mRNA species suggesting that these isoforms are either
inefficiently translated and/or rapidly degraded. To investigate the expression of these
isoforms in the absence of competition for translational and other protein processing
factors Batista et al introduced independently the modified human € H chain genes,
corresponding to the eCH4-S, eCH4*, eCH4'-1, eCH4-M2' and eCH4-M2" mRNA
isoforms in the mouse plasmacytoma cell line JS58L (152). All isoforms were found to
be efficiently translated in the myeloma cells, but with the exception of eCH4-S and
¢CH4-M2" forms, their protein products were absent in the supernatants. Pulse-chase
experiments showed that the eCH4*, eCH4'-1, eCH4-M2' forms failed to assemble into
HjLy dimers and were intracellularly retained and degraded. Immunoflourescence
analysis suggested that the site of retention is the ER, since none of them were found to
be compartmentalized within the Golgi. All these forms assemble into HL. monomers that
retain the specificity for the antigen, but fail to assemble into HL. dimers. The absence of
the complete CH4 domain in éCH4* or the carboxyl terminal part of it in eCH4'-I could
explain the inability to form HL dimers since this domain has been shown to be necessary
for € H-chain dimerization (153). In the case of the eCH4-M2' form, which contains the
complete ¢ CH4 domain (except for the last two amino acids), the presence of the large
M2' domain could prevent dimerization of the two H-chains. This data suggests that the
eCH4*, eCH4'-I1 and eCH4-M2' forms are only byproducts of alternative splicing in the

Ce locus, and most likely, without functional significance.
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Regarding the eCH4-M2' form the results of Batista et al were in marked contrast
to those reported by Zhang et al., who found that it is secreted in a patient with myeloma
and in AF10, a subclone of the U266 cell line (151). Batista et al., however did not detect
it in the U266. It is unlikely that this discrepancy is a result of the differentiation state of
the cells as observed for membrane and secreted forms of IgM (154), because all cells are
of myeloma origin, although there may be differences in the subclones used by both
groups. Recently Lyczak et al. confirmed the results obtained by Batista et al in the J558L
myeloma but found the M2' form to be correctly assembled and secreted in another
murine myeloma cell line Sp2/0 (155). They postulate a cell line-dependent regulation of
secretion.

The eCH4-M2" in contrast, was found to be efficiently secreted by both plasma
cells (J558L and Sp2/0) and B lymphocytes (155, 156). Batista et al have characterised it
further and have designated it as the second secreted IgE isoform (€S2). The €S2 H chain
is only six amino acids longer than the classical secreted IgE H chain (eS1) and contains a
C-terminal cysteine, which is a characteristic sequence feature of |1 and oo H chains.
However, unlike IgM and IgA, they found that the €S2 C-terminal cysteine does not
induce polymerization of HL; molecules, rather it creates a disulfide bond between the
two H chains that increases the rate of association into covalently bound HjLy
monomers. This C-terminal cysteine also does not function as an intracellular retention
element because the £S2 isoform was found to be secreted in amounts equal to that of the
€S1, both in B-lymphocytes and plasma cells. The €S2 H chains secreted by B
lymphocytes differed from the €S1 H chains in the extent of glycosylation. Also, there
was a difference in glycosylation between B-lymphocytes and plasma cells for both the
isoforms. This could have a potential functional significance as recent studies have shown
that the serum of allergic patients contains polyclonal IgE antibodies that differ in the
degree of sialylation and possibly in effector functions. Only a portion of these IgE

glycoforms bind the eBP, a B-galactoside-binding lectin that has been implicated in the
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binding of IgE to mast cells, Langerhans cells, and neutrophils (157-159). Also, recent
studies with recombinant human IgE-Fc fragments have shown that the extent of
glycosylation also affects the affinity of IgE for the FceRII (160). The biological function
of the €S2 isoform, the regulation of its expression, and its role in atopic diseases are

important issues that need to be studied further.



CHAPTER 2
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MATERIALS AND METHODS

2.1 RNA and DNA samples

The murine IgE producing B cell lymphoma cell line 129e+ was maintained in DMEM

supplemented with 5% (v/v) fetal calf serum, penicillin (100 U/ml), streptomycin (100
ng/ml) and 50 UM B-mercaptoethanol. Spleens were excised from BALB/c mice,

mechanically disrupted and the cells were dispersed in cold PBS.
Total cellular RNA was isolated using the acid guanidinium thiocyanate procedure (176).
High molecular weight genomic DNA was isolated from mouse splenocytes by standard

methodology (177).
2.2 3'-End Amplification of ¢ ¢cDNA

The 3' ends of ¢ mRNAs were amplified using the RACE technique (178). 3 1Lg of total
cellular RNA from 129¢* cells were reverse transcribed with the Gene Amp RNA PCR

kit (Perkin Elmer Cetus, Norwalk, CT) using an oligo(dT),s-adaptor (dT-Ad, 5'-

GACTCGAGTCGACATCGATTTTTTTTTTTTTTT-3") as primer. Thirty five cycles of
PCR were next done on the RT sample with the M23/Ad (M23, 5'-
TCCACACCGATGCAGGATACA-3"; Ad: 5-GACTCGAGTCGACATCGA-3") and the
M25/Ad primer pairs (M25, 5-AGACCTTCCAAGACTATGCCA-3'). The PCR
reactions Were‘carried out with 1 min of denaturation at 95°C, 1 min of annealing at 58°C
and 2 min of extension at 72°C. The specificity of the obtained products was confirmed
by Southern Blot analysis with the M22 oligonucleotide (M22, 5'-
CCTATGCCCTGGTCTGGAGGAT-3".
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2.3 Cloning and Sequencing

PCR fragments obtained by amplification of cDNA from I29e* cells and mouse

splenocytes were purified from 1% agarose gels by electroelution. The recovered DNA
fragments were ligated in the Smal site of pUC18 (Pharmacia LKB, Uppsala, Sweden)

and used to transform E. coli strain DH5-0.. At least three positive clones from each

transformation were sequenced using the T7 Sequencing kit (Pharmacia LKB).
2.4 PCR amplification of unknown 3' flanking DNA

The sequence of the 3' flanking region of the membrane locus poly(A) site was
determined by analyzing "misprimed" or "jumping” PCR artefacts which were generated
using primers complementary to sequences from the M2 exon and several non-specific -
primers unrelated to the mouse Cg gene (162, 168). Briefly, PCR reactions were
performed with 1 pg genomic DNA, 50 pmol of M2 exon primer (M23), 50 pmol of non-
specific primer, 200 pmol of each dNTP, 0.5 U Taq polymerase and 10 ul of 10X PCR
buffer in a total volume of 100 pl. Thirty five cycles of denaturation at 95°C fo‘r 1 min,
annealing at 58°C for 1 min and extension at 72°C for 2 min were performed. The PCR
artefacts containing the sequence of interest were selected in semi-nested PCRs in which
2 pl of the first PCRs were reamplified with the internal primer M25 and the same non-
specific primer from the first reaction. The specific PCR products were identified by
Southern Blot analysis with the internal oligonucleotide M22, and were cloned and
sequenced as described above. The obtained sequences were confirmed by PCR
amplification of genomic DNA with primers from the known and new sequence,

followed by cloning and sequencing of both strands of the PCR products.
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2.5 Northern Blot Hybridizations

20 [Lg samples of total 129+ RNA were separated by electrophoresis in 1% agarose gels
containing 6% formaldehyde, transferred to nylon membranes (Hybond-N, Amersham,
UK) by overnight capillary blotting in 20X SSC and fixed with UV light. The filters were
hybridized with three different probes generated by restriction enzyme digestion or PCR
amplification of cloned Ce gene fragments. The meC probe was a 543 bp (HindIII/BstXI)
fragment containing part of the CH3 and CH4 exons. The M1 probe was a 135 bp PCR
fragment encompassing the complete M1 exon. The M2 probe was a 399 bp BstXI/Aval
fragment starting 66 nucleotides downstream of the first poly(A) signal. The probes were
labeled with [t-32P]dCTP (Amersham,UK) using the Oligolabeling kit (Pharmacia,
LKB). Hybridizations were carried out ovérnight at 42°C in
5XSSPE/0.5%SDS/5XDenhardt's/50% formamide/100 pg/ml salmon sperm DNA.

Filters were washed in 2XSSC/0.1% SDS at 42°C and autoradiographed.

2.6 RT-PCR analysis of € transcripts

Two micrograms of splenocyte or 129e+ RNA were reverse transcribed with the Gene
Amp RNA PCR kit using oligo-dT(;s) as primer. Thirty five cycles of PCR were done on
each RT sample with the E41 (5-AAGTG ATCCA TGAGG CACTT CA-3") and the
M28 (5-TCCAT CCCAT GAAGA GGTCT-3") or M30 (5'-CCAGA GACAA AGTAG
GACTG-3") oligonucleotide under the following conditions: 1 min denaturation at 95°C,
| min annealing at 64°C and 2 min extension at 72°C. The RT and PCR analyses were
performed in accordance with the instructions of the manufacturer. The specificity of the
obtained PCR products was confirmed by Southern blot analysis with an oligonucleotide
probe (M27, 5'-AACTCAGAGTCTAGAGCT-3") or a PCR probe from the M2 exon.

The PCR probe was obtained by amplifying a cloned M2 exon fragment with
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oligonucleotides M29 (5'-GCTTCAGACCTCTGGTC-3") and M26 (5'-
TTCCTGAGACAGTGTACAT-3"). Positive bands were cloned and sequenced as
described above.

The efficiency of amplification of the alternatively spliced ¢ mRNA species was
investigated by performing experiments with known quantities of corresponding cloned
fragments. Maxi preparations of the plasmid DNAs were purified with a QIAGEN
plasmid kit (Qiagen, Germany) and the concentrations were determined by
spectrophotometry. The three plasmids were mixed together in different relative amounts

and PCR amplified as described above.
2.7 Cell lines and transfections

The WEHI 231 B-cell lymphoma (ATCC, Rockville, USA) was maintained in DMEM
supplemented with 10% FCS, penicillin (100 U/ml), streptomycin (100 pg/ml) and 50
UM 2-mercaptoethanol. The A20 B-cell lymphoma (ATCC, Rockville, USA) was
maintained in RPMI + 10% FCS, and the same components listed above. Transfections
were performed by electroporation. 2 x 106 cells were washed, resuspended in 500 pl
cold PBS, mixed with linearized DNA (15 pg in 20 pl H2O) and electroshocked using
the Bio-Rad Gene Pulser at 250 volts and 960 UF. After 5 min on ice, the cells were
suspended in 50 ml DMEM/10% FCS/gentamicin and transferred to five 96-well plates.
Selective medium containing 800 pg/ml of G418 (Geneticin, Life Technologies, Inc.,
Gaithersburg, MD) was added 24 h later for selection of the clones. Cells were cloned by .

limiting dilution and positive clones were identified by immunofluorescence.
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2.8 Construction of vectors for the expression of the eCH4-M1-M2 and
eCH4-M1'-M2 H-chains

An Aat II/Kpn I fragment from Hu-pSVCe (179) (kindly provided by Dr. M.
Neuberger), containing the mouse immunoglobulin H-chain enhancer and promoter, a
mouse anti-NIP VH segment and the entire human genomic Ce gene, was subcloned in a
plasmid derived from pRc/CMV (Invitrogen, San Diego, USA) in which the
cytomegalovirus promoter and the fd portion had been deleted. This new plasmid (pCIG-
Ce) contains a single Kpn I site downstream of the Cg gene and was used for the
construction of the two alternatively spliced membrane ¢ species.

To construct the pCIG-CeCH4-M1'-M2, a PCR fragment obtained by amplifying cDNA
from PBL with oligonucleotides E3 (E3, 5-CATGC GGTCCA CGACC AAGAC-3)
located in the CH3 exon of the Ce gene and M2d (M2d, 5'-
TGGGTGCCGGGCCCTCCTTGGC-S") which is located in the 3' untranslated region
of the Ce gene was cloned in the Sma I site of pUC18. A Bbs I-Kpn I fragment from this
plasmid, which contained part of CH4, the M1’ and the M2 exon until the Kpn I site was
subcloned in pUC18ACeS. (pUCI18ACeS contains the 3' part of the CH1 exon, the
second intron, the CH2 exon, the third intron, and the CH3 and CH4 exons joined
together). The Bgl II-Kpn I fragment from this modified plasmid now containing the M1'
and M2 exon was used to replace the same fragment in the pCIG-Ce, generating the
pCIG-CeCH4-M1'-M2 which was used for transfection. |
The pCIG-CeCH4-M1-M2 vector was similarly constructed by replacing the Bgl I/Kpn I
fragment of pCIG-CeCH4-M1'-M2 with a corresponding fragment containing the M1
instead of the M1' exon (Fig. 3.2.3).
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2.9 Flow cytometric analysis

The expression of surface IgE was examined by flow cytometry on a FACScan, (Becton
Dickinson and Co., Mountain View, CA, USA). Briefly, 1x 106 cells were stained with
rabbit anti-human IgE (¢ chain) (DAKO) in PBS+3% BSA for one hour at 4°C , washed
with cold PBS containihg azide and then incubated with FITC-conjugated swine anti
rabbit IgG (DAKO) for one hour again at 4°C. After extensive washing the cells were

analyzed for surface staining using the FACScan.
2.10 Immunoprecipitations

Metabolic labeling and immunoprecipitations were performed as previously described
(181). Briefly, 5x109 cells/ml were labeled with [35S]methionine (Amersham,
Amersham, UK) at 100-250 uCi/ml (1Ci=37 GBq) and chased with cold methionine for
the indicated times. The cells were washed with PBS and lysed by addition of cold cell
lysis medium (50mM Tris pH 8.0, 150 mM NaCl, 5SmM MgCl,, 1% NP-40 and 1mM
PMSF). For the pulse-chase experiments, 50% of the cells from each cell line were lysed
immediately after labeling, while the remaining cells were incubated for additional period
of time with an excess of cold methionine. Cell lysates were immunoprecipitated with
rabbit immunoglobulins to human IgE (e chains) or rabbit immunoglobulins to mouse
IgM (u chains) (DAKO, Glostrup, Denmark) and purified by protein A-sepharose. The |
samples were analyzed by SDS-PAGE in the presence or absence of mercaptoethanol, as
indicated in the figure legends. Treatments of labeled supernatants with Recombinant N-
glycosidase F (PNGase F) and Endoglycosidase H (Endo H) were performed according

to the protocols provided by the manufacturer (New England Biolabs, Beverly, MA).
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2.11 Surface biotinylation and immunoprecipitation of IgE and IgM

BCRs

Twenty million cells were washed twice with PBS and incubated in 1 ml of PBS
containing 0.5 mg/ml of Sulfo-NHS-biotin (Pierce) at room temperature for 15 min. Free
succinimide groups were blocked by the addition of 10 ml of non supplemented medium |
at room temperature for 10 min. Cells were washed twice with PBS and resuspended in
500 pl lysis buffer containing: 1 % digitonin (Sigma-Aldrich Chemical Co.); 50 mM Tris-
HCI, pH 7.5; 150 mM NaCl; 5 mM EDTA; and the protease inhibitors PMSF (1 mM) ,
aprotinin (10 pg/ml), and leupeptin (10 wg/ml), all from Sigma. Lysates were incubated
on ice for 30 min and centrifuged at 10,000g for 30 min at 4°C. The supernatants were
precleared three times with 30 pl of protein A agarose beads (Gibco-BRL) at 4°C for 30
min. Imniunoprecipitations were performed by incubating the lysates with 6 pl of rabbit
immunoglobulins to human IgE (€ chains) (DAKO), rabbit immunoglobulins to mouse
IgM (u chains) (DAKO), or goat immunoglobulins to human IgE (g chains) (Kirkegaard
& Perry), at 4°C for 60 min. 20 pl of protein A agarose were then added and incubated
for a further 30 min at 4°C. The Ig-o/Ig-P heterodimer was immunoprecipitated using a-
polyclonal antibody against Ig-c., kindly provided by Dr. J. C. Cambier (National Jewish
Centre for Immunology and Respiratory Medicine, Denver, CO., USA). Beads were
preincubated with 10 mg/ml bovine serum albumin for 20 min and washed three times
with lysis buffer before use. The beads were pelleted by centrifugation (the supernatants
were saved for reprecipitation) and washed twice with high salt lysis buffer (50 mM Tris
pH 7.5, 500 mM NaCl, 5 mM EDTA, 0,2% digitonin, plus inhibitors) and twice with
low salt buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.2% digitonin, plus
inhibitors). For re-precipitation, supernatants were precleared twice with 30 pl beads

before adding a different primary antibody.



48

2.12 In vitro kinase assay

Immunoprecipitates from digitonin lysates were resuspended in kinase buffer (50 mM
Tris pH 7.5, 10 mM MnCly, 1 mM EDTA, 1 mM sodium orthovanadate (Sigma), 1 %
digitonin, plus inhibitors) containing 10 uCi [y32P] (Amersham), and incubated at room
temperature for 5 min. The reaction was terminated by addition of kinase buffer
containing 50 mM EDTA and the pellets were collected by centrifugation before
resuspending in SDS-PAGE reducing sample buffer. The samples were boiled and
electrophoresed on a 10 % SDS-PAGE. The gel was dried without fixing and
autoradiographed at -70 °C.

2.13 Detection of tyrosine phosphorylated proteins by western blotting

Tyrosine phosphorylated proteins were detected as previously described (181). Briefly, 4
X 106 cells were resuspended in 0.5 ml of DMEM medium and stimulated with either goat
anti-human IgE (¢ chain) (Kirkegaard & Perry) (20 ug/ml) or anti-mouse IgM (5 pg/ml)
at 37°C for the indicated periods of time. After washing twice with ice-cold PBS ‘
containing 1 mM sodium orthovanadate, cells were lysed with 100 ul of Triton X-100
lysis buffer containing 20 mM Tris-HCI (pH 8.0), 137 mM NaCl, 10 % glycerol, 1 %
Triton X-100, 2 mM EDTA, plus inhibitors and | mM sodium orthovanadate. After
incubation for 10 min on ice, the supernatants were cleared by centrifugation at 10000g
for 15 min at 4°C. Subsequently, 30 pul of supernatant was subjected to 10% SDS-PAGE |
and Western blotting. The PVDF membrane (Amersham) was incubated with the
antiphosphotyrosine monoclonal antibody PY20 (Transduction Laboratories), followed
by horseradish peroxidase-coupled anti mouse Ig antibody (DAKO). The bound
antibodies were visualized by the enhanced chemiluminescence (ECL) detection system

(Amersham).
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2.14 Cellular Proliferation Assay

Two B-cell transfectomas that expressed comparable levels of my IgE and mgIgE were
cultured in triplicate in 96-well plates at a cell density of 2x104/well. The cells were
incubated for 24 hours with various amounts of goat anti-human IgE (e chain)
(Kirkegaard & Perry) in 0.2 ml medium. Proliferation was determined by incorporation
of [methyl-3H]thymidine (1uCi per well, 94.0 Ci/mmol, Amersham). After 14 hours of

incubation cells were harvested, and levels of incorporated [3H]thymidine were measured

by scintillation counting.
2.15 Apoptosis assay

The assay was performed using the ApoAlert Annexin V Apoptosis kit (Clontech).
Two B-cell transfectomas that expressed comparable levels of m IgE and mgIgE were
cultured in 24-well plates at a cell density of 1x10°/well. The cells were incubated for 24

hours with 20pg/ml of goat anti-human IgE (€ chain) (Kirkegaard & Perry) in 0.5 ml
medium. The WEHI cells were incubated as above with 10pg/ml of rabbit anti-mouse
IgM (DAKO). The cells were washed with PBS and resuspended in 200ul of binding
buffer provided in the kit, next 10ul of annexin V-FITC was added to a final
concentration of 1pg/ml. The cells were then incubated in the dark for 15 min at room

temperature, before their analysis by flow cytometry.
2.16 Internalization Assay

Internalization was also measured by flow cytometry as previously described (66, 204).

Both the transfected cell lines were stained with FITC-conjugated rabbit anti-human IgE
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(DAKO) at 4°C for 30 min in PBS/1%FCS. After washing, all samples except for
positive control (no internalization) were resuspended in prewarmed medium and
incubated for 60 min at 37°C. The reaction was stopped by adding ice-cold PBS/FCS

containing 0.1% sodium azide. The flourescence was then analyzed using a Becton-

Dickinson FACScan.



CHAPTER 3
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RESULTS

Section 1

3.1.0 Identification and characterization of murine immunoglobulin ¢

mRNAs and their polyadenylation sites

3.1.1 Introduction

The Ce gene is the penultimate gene at the immunoglobulin (Ig) heavy (H) chain
locus in both mice and humans, and encodes the constant region part of the ’IgE H-chain
molecules. It is composed of Jour constant region exons (CHI-CHA4 ) and two membrane
exons that encode the membrane-proximal, transmembrane and cytoplasmic parts of
membrane IgE (149, 150, 152, 161 ). In humans, the second membrane exon (M2)
contains a long 3' untransiated region (1046 bp) and an AGTAAA polyadenylation signal
sequence which differs from the consensus AATAAA Jound in the second membrane
exon of all other human Ig H-chain genes (]62—]64). This rather inefficient poly(A)
signal could in part determine the low levels of expression of membrane € transcripts and
the extremely low number of human peripheral blood lymphocytes (PBL) expressing
surface IgE.

The human Ce gene also appears to be peculiar in its capacity to produce a number of €
mRNAs that are generated by alternative splicing between the last two constant region
exons and the two membrane exons (148-152, 162, 165, | 66). Many of these isoforms
are apparently just aberrant by-products of alternative splicing which are unable to form
properly assembled IgE molecules (152). However, one of this variants, referred to as

the gsp, was found to be secreted with the same efficiency as the classical secreted €57 H-
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chain (157). This isoform contains only six additional amino acids which are added by
splicing to an internal acceptor splice site-in the M2 exon.

Considering the possible functional differences of the human IgE isoforms, it would be

important to investigate whether similar isoforms exist in other species. If so, these

species could serve as useful animal models to determine the biological effects of the

various IgEs. We focused our study on the mouse Ce gene whose sequence had

previously been characterised until the stop codon of the second membrane exon (141).

This gene shares considerable homology with the human Ce gene in the 3' part (the CH4,

M1 and M2 exons), although to a lower extent than the other genes from the Ig H-chain

locus (141). Northern blot analysis of IgE-producing mouse hybridoma cells has shown

that the mouse Cg gene is transcribed into a major RNA species corresponding to the
secretory form and two minor species corresponding to membrane form(s) of the € chain
(141, 168). The latter species could have been generated by alternative splicing of |
membrane-exon sequences or by differential usage of two poly(A) sites.

We have addressed these issues by analyzing the € mRNAs produced by freshly

isolated murine splenocytes and by a murine IgE producing lymphoma. Using RT/PCR
and sequence analysis we identified five alternatively spliced € transcripts in the mouse.
We also determined the complete 3' untranslated region sequence of the mouse C€ gene

and identified and characterised the two poly (A) sites of the murine membrane € locus.

3.1.2 Characterization of the two murine membrane ¢ mRNA

polyadenylation sites

The poly (A) sites of the mouse membrane € transcripts were identified by RACE-

PCR émalysis of total cellular RNA isolated from the IgE expressing B-cell lymphoma

129¢e*. Total RNA from [29¢e* was reverse transcribed using a 35-base oligonucleotide
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containing 15dT residues and an adaptor sequence with three endonuclease recognition
sites that are found infrequently in genomic DNA (dT/Ad). In order to identify the poly
(A) sites, the resulting ¢cDNA (negative strand) was then amplified with an
oligonucleotide that contained only the adaptor sequence (Ad) and two oligonucleotides
located in the M2 exon (primers M23 and M25 from Fig. 3.1.1). The PCR products were
analysed by Southern blot with an internal radiolabeled oligonucleotide from the same
exon (primer M22). Two strong bands of ~ 700bp and ~ 1200 bp and a weak band of
~900 bp hybridized to this oligonucleotide, suggesting that the transcripts containing the
M2 exon use more than one polyadenylation site. Cloning and sequencing of the above |
fragments showed that the two major bands represent differentially polyadenylated ¢
transcripts, whereas the weak ~900 bp fragment was a heteroduplex of the two species.
This analysis also yielded the complete sequence of the 1.17 kb 3' untranslated region of
the M2 exon (shown in Fig. 3.1.2).

Analysis of the 3' untranslated region sequence showed that the M2 exon contains two
polyadenylation signals. The first one is an AGTAAA hexanucleotide located 743 bp
downstream from the beginning of the M2 exon and 9 nt upstream from a CA
dinucleotide where mRNA cleavage and poly(A) addition had occurred. The second
polyadenylation signal is an AAGAAA hexanucleotide located 486nts further
downstream. The transcripts that used this polyadenylation signal were cleaved at a GA
dinucleotide located 17 nt after the hexamer.

To further characterise the polyadenylation signal of the transcripts from the
membrane € locus and to investigate the presence of other potential polyadenylation
signals we analyzed the genomic composition of the region' downstream of the poly (A)
site. The sequence of the genomic DNA flanking the poly (A) site in the 3' direction was
obtained by using a modification of a PCR-based chromosome walking technique (168).
This procedure takes advantage of the PCR artefacts that are generated by primer

misannealing and "jumping PCR" when the reaction is performed in the absence of
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Figure 3.1.1: RACE-PCR analysis of & transcripts containing M2 exon sequences. The
location of the RT/PCR primers (M23, M25 and dT-Ad) and the oligonucleotide that was
used for the hybridization (M22) are indicated. Asterik indicates the stop codon in the M2
exon. Filled and open boxes represent coding and 3' untranslated regions, respectively. The
lower panel shows an autoradiogram from the RACE-PCR analysis of 129¢™ mRNA.
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CTGGGACAGCAGAGGGATTAGGTGACAGCCGACAAGTGTGCCGAAGCTEGATGETGCCATCCTTGGGACATGAACTCACATGACAARAGACAGGCTTCTCT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
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AGAGATAAGCCGCCCAGGACCAGECCATGECCCCCAGGCATCTGAGCCCTCTGCCGTCCAGTCCAGOTTCTACAGGCCTCAGAAGTAGGGCCCGGETAAC
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CCCCAGCCCTGGCCAGCTCACTARCATGTGCATTCATCACTCACAATCACTCATAARAACCATCACTCACAATCAAATGTTTGTCAGACACAGGGTCACA
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TTCCTCAACCAGCTCATAGACCAACATCCTTGAAACACAGTTCCGTGACTTCTCCTAATGACTATCCCTCCAAGCCACAGCCGCTGCCCA

Figure 3.1.2: Genomic sequence of the mouse M2 exon and its 3' flanking region. The acceptor splice sites
of exons M2 and M2' (nt. 1), M2* (nt. 31) and M2" (nt. 814), and their stop codons are indicated. The amino
acid sequence corresponding to each open reading frame is shown in one-letter code below the nucleotide
sequence. The overlapping amino acid sequence of the M2 and M2* exons is shown in italics. The two hexamer
poly(A) signals and the sites of cleavage and poly(A) addition are boxed. The (G+T) rich element is underlined.
Oligonucleotides used for PCR and sequencing are indicated by half arrows above the nucleotide sequence.
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correct template. The artefacts containing the sequence of interest were selected and
further amplified in a seminested PCR to obtain the sequence of genomic DNA which lied
outside the boundary of the known sequence of the Ce locus.

In this way, 836 nt of M2 exon 3' flanking region sequence was obtained (Fig. 3.1.2).
The sequence was determined by sequencing both strands of three independent PCR
products. Only a few discrepancies were notéd between the sequences, which were
apparently due to Taq polymerase errors. The consensus sequence (from two identical
sequences) was subsequently confirmed by cloning and sequencing a PCR product
obtained by amplification of mouse genomic DNA with a primer located in the M2 exon
(M23) and a primer derived from the 3' end of the new sequence (M26 in Fig. 3.1.2).
This sequence has been submitted to the EMBL database under the following accession
number: X99259. Analysis of this sequence showed that a GT rich region is located 14 nt

downstream to the site of cleavage and polyadenylation of the second poly(A) signal.
3.1.3 Both poly (A) signals are used by the membrane ¢ transcripts

The € mRNA species produced by 129¢* cells were investigated by Northern blot
analysis using three different probes corresponding to distinct parts of the Ce gene. The
meC probe contained CH3 and CH4 exon sequences and was used to detect all €
mRNAs. As shown in Figure. 3.1.3, this probe hybridised to three mRNA species. The
smallest, most intensely hybridising mRNA was ~ 1.9 kb long and corresponded in size
to the secretory type of € mRNA. The two larger e mMRNA species had molecular sizes of
2.7 and 3.2 kb and both of them also hybridised to the probe containing the complete M1
exon. The difference in size between these two mRNAs was consistent with the distance

between the two polyadenylation sites, indicating that they corresponded to differentially

polyadenylated membrane € mRNAs. This was confirmed with a probe located in the
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CH3 CH4 M1 M2
AATAAA AGTAAA  AAGAAA

Figure 3.1.3: Northern Blot analysis of murine € mRNAs. Upper panel shows the schematic
representation of the 3' end of the murine € gene and the position of the probes used for
hybridization. Bottom panel shows an autoradiogram with the predominant € mMRNA species

expressed by the IgE producing lymphoma I29¢*.
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region between the two poly(A) sites, which hybridised only to the 3.2 kb transcript.
Interestingly, the 3.2 kb transcript appeared to be more abundant than the 2.7 kb species

(as judged by the hybridisation signals obtained with the meC and mM1 probes),

suggesting that the second poly(A) signal is more active than the first one.

3.1.4 Alternatively spliced membrane exon transcripts are produced by

129e* cells and mouse splenocytes

In recent studies we and others have shown that the human Ce gene produces a
number of alternatively spliced € mRNA molecules (148-152, 162, 165, 166). To
investigate if similar events occur in the mouse Ce locus, RT-PCR analysis was done on
RNA extracted from the murine IgE secreting lymphoma (I29¢*) and from freshly
isolated mouse splenocytes. The cDNAs were amplified with primers located in the CH4
exon (E41) and at the end of the M2 3' untranslated region (M28) (Fig. 3.1.4a). Three
bands of approximately 1.4 kb, 1.3 kb and 0.5 kb were obtained from both cell types, all
of which hybridized with an M2 exon PCR fragment spanning the region between
oligonucleotides M29 and M26 (Fig. 3.1.4b).

Cloning and sequencing of the PCR fragments showed that they represent four different
mRNA species (Figures 3.1.4). The first one corresponded to the classical membrane
species whose structure had been predicted based on splice sites consensus sequences.
This species (meCH4-M1-M2) is spliced from the CH4 exon donor site, located 23 nt.
upstream of the CH4 stop codon, to the acceptor site of the M1 exon, and subsequently
from the M1 to the M2 exon. One of the novel mRNAs designated meCH4-M1-M2* was
obtained from the same band as the meCH4-M1-M2 splice product. This RNA spliced to
a new acceptor splice site in the M2 exon located 30 nt downstream to the splice site of

the meCH4-M1-M2 form. Since there is no shift in the reading frame, this second
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Figure 3.1.4: Detection of alternatively spliced murine € mRNAs in 129¢ cells and normal
mouse splenocytes. a) Schematic representation of the 3' end of the Ce gene with the location
of splice sites, stop codons and primers used for PCR amplification (E41, M30 and M28).
The four different coding regions derived from the M2 exon are indicated below the exon.
b) RT-PCR products obtained by amplification with oligonucleotides E41 and M28. The
M?29/M26 probe was used for the Southern Blot hybridization. The identity of each band
in the autoradiogram is indicated. ¢) Quantification of the relative amounts of meCH4-M1-
M2, meCH4-M1-M2* and meCH4-M2' transcripts in 129+ cells (lane 4). The € cDNA was
amplified with the E41/M30 primer pair and hybridized with the M27 oligonucleotide.
Standards containing known quantities of cloned fragments corresponding to the meCH4-
M1-M2, meCH4-M1-M2* and meCH4-M2' variants were amplified under the same
conditions (lanes 1-3). The relative amount of plasmid DNA in each standard (meCH4-M1-
M2 : meCH4-M1-M2* : meCH4-M2') is indicated above each lane.
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membrane isoform should end at the same stop codon as the classical membrane isoform,
but should be 10 aa shorter in the cytoplasmic domain (Fig. 3.1.2).

The meCH4-M2' mRNA species was spliced directly from the donor splice site of the
CH4 exon to the acceptor site of the M2 exon. This resulted in a mRNA which lacked the
entire M1 exon. The absence of the M1 exon in this form resulted in a shift of the M2
exon reading frame. The new reading frame of this exon (M2'") encodes 59 aa in contrast
to the 27 residues of the M2 exon in the meCH4-M1-M2 isoform (Fig. 3.1.2).

The fourth ¢ mRNA species (meCH4-M2") revealed another novel splice site located
within the M2 exon. This acceptor splice site is located in the 3' untranslated region of the
M2 exon, 728 nt downstream of the stop codon from the M2 reading frame and 631 nt
downstream from the stop codon of the M2' reading frame. Thus, this species lacks
completely the amino-acid sequences encoded by the M1 and M2 or M2' exons, but
contains eight other amino-acids encoded by a small exon designated M2"(Fig. 3.1.2).
Since the PCR strategy used in the above assay would not have detected & transcripts that
were polyadenylated at the first poly(A) site, we did an additional RT/PCR experiment in
which a primer upstream of the first poly(A) site (M30) was used together with the CH4
exon primer (Fig. 3.1.4a). Three bands corresponding in size to the meCH4-M1-M2,
meCH4-M1-M2* and meCH4-M2' species were obtained, indicating that these
alternatively spliced transcripts can be polyadenylated at either site (Fig. 3.1.4c, lane 4).
The meCH4-M2" species was not detected in this experiment because the M2" exon is
located downstream to the first poly(A) site. The band corresponding to the meCH4-M1-
M2 isoform was of the strongest intensity, suggesting that this is the most abundant
membrane ¢ transcript. To investigate if the PCR strategy gives a true estimate of the
relative amounts of the alternatively spliced ¢ transcripts, we performed experiments with
standards containing different relative amounts of cloned DNA fragments corresponding
to the meCH4-M1-M2, meCH4-M1-M2* and meCH4-M2' species (analysis of three

representative standards is shown in Fig. 3.1.4c, lanes 1-3). These experiments showed
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that the three ¢ species are amplified with equal efficiency. Analysis of [29e* mRNA gave
a similar value as the standard containing meCH4-M1-M2, meCH4-M1-M2* and
meCH4-M2' plasmids at a 9:0.5:0.5 ratio, respectively, indicating that the meCH4-M1-

M2 species is approximately 10 times more abundant than the other two species.
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RESULTS
SECTION 2

3.2.0 Characterization, expression and functional analysis of the two

membrane isoforms of human IgE

3.2.1 Introduction

The following section describes the expression and function of the IgE molecules
encoded by the two types of human membrane € transcripts. These two € mRNA species
differ only in the 5' part of the first membrane exon that encodes the extracytoplasmic
membrane proximal domain (Fig. 3.2.1a). The longer variant myIgE (¢ CH4-M1'-M2)
contains 156 extra nucleotides as a consequence of alternative splicing between the donor
splice site at the 3' end of the CH4 exon and the upstream acceptor splice site in the M1
exon. Thus, the two putative membrane proteins have the same constant € region and the
same transmembrane and cytoplasmic domains, but differ in a 52 amino acids segment
which is present only in the long membrane IgE variant (Fig. 3.2.1b). The long
membrane transcript was initially described as the predominant € mRNA species in
humans, because it was found at significantly higher levels than the short species in IL-4
plus anti-CD40 stimulated peripheral blood lymphocytes (PBLs) and in IgE-producing
myeloma cell lines (149, 151). The presence of the putative protein products of the short
membrane transcript which is homologous to the murine membrane € transcript has not
been investigated, and it is unclear whether this € transcript has any functional
significance or it is just a by-product of alternative splicing in the C¢ locus. Furthermore,
the € mRNA splicing pattern could be a characteristic of transformed plasma-cell lines or a
consequence of in vitro culture conditions and might not be representative of the splicing
pattern that occurs in vivo.

We have addressed these issues by analyzing the membrane € mRNAs produced
by unstimulated PBL. The properties of the protein products of the two membrane €
transcripts were then investigated by construction of IgE H-chain expression vectors and

examination of their expression and function in transfected cell lines.
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Figure 3.2.1: Schematic representation of the two membrane IgE H-chain isoforms. (a)
Diagram of the 3' part of the Ce gene and the pattern of alternative splicing that generates the
eCH4-M1-M2 and eCH4-M1'-M2 membrane transcripts. Shadowed boxes répresent coding
‘sequences and striped boxes represent 3' untranslated regions; stop codons are indicated by
asterisks. (b) Amino-acid sequence of the carboxyl-terminus of the short (¢CH4-M1-M2) and
long (eCH4-M1'-M2) € chains. The extra 52 amino-acids present in the extracytoplasmic
membrane-proximal domain of the long € chain are in bold.
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3.2.2 Investigation of the expression of the two membrane ¢ mRNA

species in PBL.

We analyzed the expression of the two membrane isoforms in unstimulated PBL obtained
from 20 random blood donors. RT-PCR analysis was done on each sample with an
oligonucleotide complementary to a sequence in the eCH4 exon (E4Y) and an
oligonucleotide in the M2 exon (M2W). The first PCR was then reamplified in a semi-
nested PCR with an internal 5'-32P-end-labeled oligonucleotide in the eCH4 exon (E4Z),
and the primer M2W. The PCR products were then analyzed on denaturing
polyacrylamide gels (Fig. 3.2.2). The short membrane isoform mgIgE (¢ CH4-M1-M2)
which is homologous to the murine membrane transcript was detected in about one third
of the PBL samples and in some cases it was the only ¢ mRNA species present. In
contrast, the long membrane isoform (¢ CH4-M1'-M2) was detected in only three
samples (Fig. 3.2.2). These data suggested that the expression of the two membrane &
mRNAs may depend on the stage of B cell differentiation, and that their protein prodﬁcts
might be functional (162). Hence, we decided to investigate the properties of the protein
products of these two transcripts by constructing IgE H-chain expression vectors and

examining their expression in transfected cell lines.
3.2.3 Expression of mgIgE and myIgE

To investigate the properties of the two membrane IgE isoforms, we generated
two chimeric mouse/human e-chain gene constructs which contained the mouse Vg
segment from an Ab with anti-NIP specificity and the human Ce region with a carboxyl
terminus corresponding to the my IgE or the mgIgE isoform. A schematic diagram of the
two constructs is depicted in Fig. 3.2.3. The two constructs were created by amplifying

cDNA from PBL with oligonucleotides located in the CH3 exon and in the 3' untranslated
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Figure 3.2.2: RT-PCR analysis of membrane € transcripts expressed by PBL.
The samples were amplified in a semi-nested radioactive PCR and analyzed by

denaturing polyacrylamide gel electrophoresis.
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Figure 3.2.3: Diagram of the chimeric mouse Vy-NIP/Ce membrane gene constructs. The
3' ends of the two membrane € isoforms were cloned in their cDNA form (starting from

the CH3 exon) into pCIG-Ce, using the indicated restriction enzyme sites.
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region of the M2 exon of Ce gene. Hence, the 3' ends of both constructs were in a cDNA
form as shown in the Fig. 3.2.3. This ensured that only one kind of alternative spliced
form will be produced in the transfected cells. The two constructs were independently
transfected into a murine B cell lymphoma, WEHI-231, which resembles phenotypically
an immature B cell as it expresses sIgM and low amounts of Ia but no detectable sIgD or
Fc receptor. G418 resistant transfectants were selected for the expression of mIgE by
immunofluorescence. RT-PCR analysis using membrane long or short specific primers
ensured that the WEHI transfectomas expressed only the desired isoform. Also, the
transfected cell lines were stained with a membrane long IgE specific antibody (207).
This antibody strongly stained only the WEHI-m; IgE cells and not the WEHI-mgIgE

transfectomas (data not shown).
3.2.4 Assembly and Transport of mgIgE and myIgE

In order to investigate the assembly and transport of the my IgE and mgIgE isoforms we
perfomed pulse-chase sbtudies in the WEHI cell lines. Cells were given a 15' pulse with
[35S]methionine and then chased for 1, 2, 3 and 4 hours. mIgE was immunoprecipitated
from the WEHI-mgIgE or WEHI-m; IgE cell extracts and analyzed on a non reducing 6%
SDS-PAGE (Fig. 3.2.4a). Two major species of more than 240 kDa were observed in
both cell lines, demonstrating that both membrane isoforms are assembled into HyL,
molecules. During the course of the chase the quantity of immunoprecipitated proteins
remained the same, indicating that there is no intracellular degradation of either membrane
isoform. The accumulation of higher molecular weight species in the course of the chase
suggested that both proteins are terminally glycosylated during their transport to the cell
surface. This was confirmed by treatment of the immunoprecipitated material with
Endoglycosidasé H (Endo H) which cleaves N-linked high mannose oligosaccharides of

glycoproteins before they arrive in the medial Golgi, but fails to cleave terminally
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processed carbohydrate moieties. The digested material was run on a 10% reducing gel.
As shown in Fig. 3.2.4b, after Endo H treatment two € species were observed in each
case (i) a 60 (mgIgE) or 65 (mpIgE) kDa species corresponding to Endo H sensitive &
chains that carried unprocessed high mannose carbohydrates and (ii) an 87 (mgIgE) or 90
(mpIgE) kDa species corresponding to mature € chains that bore processed N-linked
carbohydrates which were resistant to the enzyme. These species should correspond to
the completely processed membrane proteins. In the WEHI-my IgE transfectoma only 20-
30% of the newly synthesized membrane € chains were of the mature processed type after
4 hours chase (Fig.3.2.4). This was similar to the rate of transport observed for the
endogenous mouse mIgM. Interestingly, three to four times more mgIgE H-chains were
present in the mature form after the same period of time. This clearly demonstrated that
the mgIgE is more efficiently transported to the cell surface than the my IgE, or even the

endogenous mIgM.
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Figure 3.2.4: Assembly and transport of my IgE and mgIgE. WEHI-mgIgE, WEHI-my IgE,
and wild-type WEHI cells were pulse-labeled with [>3S]methionine for 15 min. and chased
for the indicated times in the presence of excess cold methionine. Cellular extracts were
immunoprecipitated with the indicated antibodies and (a) analyzed on a non-reducing 6%
SDS-PAGE or (b) treated with Endo H and separated on reducing 10% SDS-PAGE.
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3.2.5a Characterization of IgE-BCR components

Antigen receptors on B lymphocytes are expressed on the plasma membrane as a complex
of disulfide-bonded Ig H and L chains that are noncovalently associated with at least two
other glycoproteins, Ig-a. (CD79a) and Ig-B (CD79b) (70). These proteins form a
disulfide-linked heterodimer which appears to be a prerequisite for the transport and cell-
surface expression of the membrane-bound Igs (mlg) (52-54, 169).

To characterize the IgE-BCR and to determine the mgIgE and my IgE associated
proteins we immunoprecipitated the IgE antigen receptor complex from digitonin lysates
of surface biotinylated WEHI-mgIgE and WEHI-my IgE cells. The relatively mild

detergent digitonin preserves the non-covalent association between the Ig-o and Ig-B and

the Ig H and L chain. The immunoprecipitations were performed in duplicate using two

different anti-human IgE antibodies [rabbit anti-human IgE (DAKO) and goat anti-human
IgE (KPL)]. As a control, the endogenous IgM-BCR was subsequently
immunoprecipitated from the same cell extracts. The immunoprecipitated material was
resolved on a 10% SDS-PAGE under reducing conditions (Fig. 3.2.5a). Analysis of the
mIgM complex yielded the expected characteristic pattern of an 80kDa band
corresponding to the W H chain, a 25 kDa band corresponding to the L chain, and the 32
and 40-47 kDa bands corresponding to Ig-o and Ig-f polypeptides, respectively. A
similar pattern was observed after immunoprecipitation of the mgIgE- and my IgE-BCRs,
indicating that Ig-o and Ig-P chains are also present in these receptors. This was
confirmed by analysis of the material that was dissociated from the immunoprecipitated
IgE-BCRs by treatment with Nonidet P-40. (NP-40 being a stronger detergent disrupts
the association between the receptor and Ig-ot /Ig-B). Reprecipitation of this material with
an anti-Ig-o. specific antiserum produced only the Ig-o and Ig-B subunits (Fig. 3.2.5b).

The Ig-B subunit was of the same molecular mass in the three BCRs, whereas the Ig-ot of
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the my IgE (mpIgE-o) showed a slower mobility than the IgM-o and mglgE-a (Fig.
3.2.5). Slower mobility of the Ig-o. chain has also been observed in the case of the IgD-
BCR. This difference has been shown to be the consequence of different terminal
glycosylation of the two N-glycosylation sites in the polypeptide (169-171). In order to
establish if this is the case with the my IgE-0, immunoprecipitated materials were treated
with endoglycosidases. Figure 3.2.5a shows that Endo H treatment decreased the
molecular weight of the IgM and mgIgE associated Ig- polypeptides. On the other hand,
the m; IgE-o. remained at the same position, indicating that both glycosylation sites are
terminally glycosylated. Treatment with PNGase, which cleaves all sugar residues,

eliminated the difference in size between the different Ig-o. polypeptides.



72

anti-lgE anti-igM anti-IgE anti-igh
Endo H: EndoH: ' - + [ !
PNGase: PNGase: - - + = - %
8_...
Ig-p
eBAP41 — eBAP41
eBAP37 — eBAP37 —
1g-o.—|1
L - Ig-B(N-) s € g A ¢ = 1g-B(N-o)
Ig-ai(N-2) o Ig-a(N-2)
WEHI-mglgE WEHl-legE
b
anti-ig-o.
W w
> 2
7)) d

Figure 3.2.5: Immunoprecipitation of BCRs from biotin-labeled cell-surface proteins. WEHI-mgIgE and
WEHI-my IgE were surface biotinylated and treated with digitonin lysis buffer to preserve the BCR complexes.
(a) Lysates were treated first with anti-1gE and then with anti-IgM sera to immunoprecipitate the IgE-BCR
and endogenous IgM-BCR complexes, respectively. Immunoprecipitated material was treated with Endo
H or PNGase as indicated, and analyzed by reducing 10% SDS-PAGE. Arrow-heads indicate the position
of the Ig-o. polypeptide after removal of one of the two N-linked carbohydrate moieties by Endo H. Ig-o(N.
2) and Ig-B(N-3) correspond to the Ig-o and Ig-B polypeptides after removal by PNGase of the 2 or 3 N-
linked carbohydrate moieties, respectively. (b) Reprecipitation of the Ig-o/Ig-B heterodimer dissociated by
NP-40 from the msIgE-BCR and mp IgE -BCR. The immunoprecipitation was done with an anti Ig-ct serum
and analyzed on a 10% SDS-PAGE under reducing conditions.
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3.2.5b Detection of two new proteins associated with IgE-BCRs

Two additional proteins of 37 and 41 kDa were detected in the mgIgE-BCR and m; IgE-
BCR immﬁnoprecipitations (Fig. 3.2.5a). The immunoprecipitations were again
performed in digitonin lysates of surface biotinylated cells. These proteins were not
present in the IgM-BCR and were immunoprecipitated with either of the two anti-IgE

Abs, indicating that they are specifically associated with mIgE. The relative amount of

these IgE-BCR associated proteins (further referred to as eBAP37 and eBAP41) was
different in the two IgE-BCRs, with significantly lower quantities of eBAP41 in the
my IgE-BCR. These proteins were not immunoprecipitated with the anti-Ig-o. antiserum,
indicating that they are not covalently-associated to Ig-o. or antigenically related to this

polypeptide (Fig. 3.2.5b).
3.2.5¢ Two-dimensional analysis of the 'IgE-BCR components

To further characterize the components of the IgE-BCRs, two dimensional analysis of
anti-IgE immunoprecipitated material was performed on digitonin lysates from
biotinylated WEHI-mgigE and WEHI-my IgE cells. The analysis was done on a 10%
SDS-PAGE under non-reducing conditions in the first dimension and reducing conditions
in the second (Fig. 3.2.6). In addition to the bands corresponding to ;L5 and €L, a
- complex of around 75 kDa was present in the non-reducing PAGE analysis of the mgIgE-
BCR. A slightly higher M.W. complex (80 kDa) was detected in the my IgE-BCR. In the
second dimension these complexes dissociated into free Ig-o and Ig-f chains. This
experiment also indicated that the eBAP37 and eBAP41 proteins form a disulfide bound
complex (eBAP37/41) which in the non-reducing PAGE analysis of the mgIgE-BCR
migrated distinctly from the Ig-o/Ig-B heterodimer. In the m;IgE-BCR the eBAP37

apparently formed a homodimer which co-migrated with the Ig-0/Ig-B complex.
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Figure 3.2.6: Bidimensional analysis of surface-biotinylated IgE-BCRs. Anti-IgE
immunoprecipitates from the two transfectomas were analyzed by bidimensional (non-
reducing/reducing) PAGE. The migration of the same material run only under reducing
conditions or non-reducing conditions is shown in the left lane of each gel or as a separate
lane on top of each gel, respectively. Arrow-heads indicate the position of the dissociated
eBAP37 and eBAP41 proteins. The other components of the IgE-BCRs are indicated in
the figure.
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3.2.6 In vitro phosphorylation of IgE-BCR associated proteins

The Ig-o/Ig-p heterodimer non-covalently associated with the mlg has been shown to be
the signal transduction unit of the BCR (182-186). The heterodimer is involved in the
coupling of the BCR to several protein tyrosine kinases (PTKs) expressed in B cells,
such as the src-related PTKs Lyn, Fyn, Lck, and Blk, and the cytoplasmic PTK Syk
(186-191). Signal transduction through the cross-linked BCR involves the rapid
activation of these enzymes which phosphorylate several substrate proteins in B cells
including the Ig-o/Ig-B heterodimer (191).

To investigate if thé IgE-BCRs contain receptor associated protein kinases capable
of phosphorylating the Ig-o/1g-B heterodimers, as shown for the IgM-, IgD- and IgG-
BCRs (172), we performed an in vitro kinase assay ([Y 32P]ATP labeling) on
immunoprecipitated BCRs. The immunoprecipitations were again performed on digitonin
lysates from unlabeled cells. The endogenous IgM-BCR from both transfectomas was
analyzed as an internal control. The phosphorylated receptor components were then
analyzed by 10% reducing SDS-PAGE and autoradiography. As shown in Fig. 3.2.7,
bands corresponding to the Ig-o. and Ig-B proteins were found to be phosphorylated
when incubated with [y 32PJATP in all three BCRs. The identity of these bands was again
confirmed by treatment with Endo H and PNGase E. The two newly identified eBAPs
were not detected in this in vitro assay, suggesting that they are not substrates for the

BCR-associated protein kinases.



Endo H:
PNGase:

Ig-B |

lg-a

19-B(N-3)
Ig-ou(N-2)”

anti-lgE anti-lgM

WEHI-mglgE

g-p [

Ig-o0

Ig-B(N-3)
Ig-o(N-2) 7

76

anti-lgE anti-lgM

WEHI-m IgE

Figure 3.2.7: In vitro phosphorylation of BCR associated proteins. IgE-BCR and IgM-

BCR from the WEHI-mglIgE and WEHI-my IgE transfectomas were immunoprecipitated,
incubated with [y32P]JATP and analyzed on reducing 10% SDS-PAGE. Treatment with
Endo H or PNGase is indicated on top of each gel. Arrow-heads, Ig-ou(N.p) and Ig-B(N-
3) as in legend to Figure 3.2.5.
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3.2.7 Protein tyrosine phosphorylation upon crosslinking of the IgE-
BCRs

The current models of signal transduction from the antigen receptors on B and T cells
suggest that the activation of PTKSs is the first event following the aggregation of the
receptor (205, 206). Other events, like the activation of PLCY, and the generation of the
secondary messengers diacylglycerol (DAG) and ianit01-1,4,5 triphosphate (InsP3)
occur further downstream in the signalling cascades from the BCR. Aggregation of the

BCR results in activation of PTK, phosphorylation of the receptor subunits Ig-o and Ig-
B, and coupling of the receptor to different signalling elements. Signal terminators and the
identity of the BCR transducer elements remains to be elucidated. These could be both
serine-threonine-kinases and tyrosine phosphatases (206).

To analyze the activation of protein tyrosine kinases (PTKs) upon engagement of
the IgE-BCRs, we used transfectant cell lines (WEHI-m;;IgE and WEHI-mgIgE) that
expressed comparable levels of my IgE and mgIgE (Fig. 3.2.8). The expression of surface
IgE was examined by flow cytometry on a FACScan, using rabbit anti-human IgE, and
FITC-conjugated swine anti-rabbit IgG. Wild type WEHI cells were analyzed in parallel
as control.

The three cell lines were incubated for different periods of time (1-40 min) in the
presence of either anti-IgE or anti-IgM. The PTK activation in these cells was monitored
by the increase in tyrosine phosphorylation of PTK substrate proteins in total Triton X-
100 cell lysates. Equal amounts of lysates were electrophoresed on a 10% reducing gel
and the blot was probed with an antiphosphotyrosine monoclonal antibody, PY20.
Cross-linking the IgM-BCR or the IgE-BCRs resulted in a similar pattern of.
phosphorylation, indicating that all three BCRs induce the phosphorylation of the same

substrate proteins. However, the kinetics of phosphorylation of the two IgE-BCRs was
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Figure 3.2.8: Quantitation of mgIgE-BCR and m; IgE-BCR levels on the surface of
transfected WEHI cells. The level of surface IgE was determined in each cell line by
fluorescent flow cytometry analysis with a rabbit anti-human IgE antibody and FITC-

conjugated swine anti-rabbit IgG.
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quite different. After crosslinking the my IgE-BCR the substrate phosphorylation reached
-its maximum in 1 min and drastically declined within 5 min (Fig. 3.2.9). In contrast, in

the mgIgE-producing transfectant the substrate phosphorylation still increased after 1 min

of stimulation and reached its maximum after 5 min. Increased tyrosine phosphorylation

was still evident after 40 min., although for several polypeptides it had declined. These

data showed that the kinetics of protein tyrosine phosphorylation induced by receptor

crosslinking is significantly different for the two IgE-BCRs.

In subsequent experiments we observed that the kinetics of tyrosine phosphorylation

were independent of the amount of IgE expressed on the cell surface. Analysis of WEHI-

mgIgE and WEHI-my IgE clones expressing different amounts of IgE-BCR showed a

difference only in the intensity of the signal, whereas the kinetics of both receptors

remained the same (data not shown). Moreover, crosslinking of the endogenous IgM- -
BCR in the two transfectants and in wild type WEHI cells showed the same kinetics of

tyrosine phosphorylation, and was consistent with published data (173). These

experiments excluded the possibility that the differences in signal transduction between

the two IgE-BCRs were due to peculiarities of the transfected cell lines rather than the

type of mlgE.
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Figure 3.2.9: Kinetics of PTK substrate phosphorylation upon crosslinking of the mgIgE-
BCR, m IgE-BCR and IgM-BCR. Wild-type WEHI, WEHI-m; IgE or WEHI-mgIgE cells
were incubated for various times with anti-IgE or anti-IgM antibodies, as indicated on top
of each gel. Cellular extracts were then prepared and tyrosine phosphorylated proteins
detected by immunoblotting with an anti-phosphotyrosine mAb.
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3.2.8 Cellular responses induced by crosslinking of msIgE- and

myIgE-BCR

Crosslinking of the éndogenous IgM-BCR in WEHI cells leads to their growth
inhibition (174). On the other hand, crosslinking of the IgD-BCR in WEHI cells
transfected with a & chain does not affect their proliferation (175). In order to investigate
whether signaling through the IgE-BCRs has an effect on cellular proliferation, WEHI-
msIgE and WEHI-m_IgE cells were grown for 24 hours in the presence of various
concentrations of anti-IgE Ab and were subsequently incubated for 14 hours with [3H]
thymidine. A marked inhibition in proliferation was observed only in the WEHI-msIgE
transfectoma, whereas crosslinking of the mg IgE had no effect (Fig. 3.2.10). The above
results indicate that different cellular responses can occur after IgE-BCR signaling,

depending on the type of mIgE expressed on the cell surface.
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Figure 3.2.10: Proliferation of WEHI-m_IgE and WEHI-mgIgE cells after
crosslinking of mIgE. 2x104 cells were incubated with 0, 1, 5, 25 or 50 pg/ml of

polyclonal anti-human IgE anti-serum. Results show one representative of three
separate experiments with similar results. Each point represents an average of

triplicate cultures (SEM < 5%).
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3.2.8b Apoptosis assay for monitoring cell-death.

To investigate further whether the inhibition of cellular proliferation induced by
crosslinking the mgIgE BCR was due to cell death by apoptosis, the two transfectomas
were grown as before for 24 hours in the presence of anti-human IgE antibody, the cells
were then stained with annexin V-FITC to detect apoptotic cells. Staining by annexin V-
FITC is based on the observation that, soon after initiating apoptosis, most cell types
translocate the membrane phospholipid phosphatidylserine (PSv) from the inner face of the
plasma membrane to the cell surface. Once on the cell surface, PS can be easily detected
by staining with an FITC conjugate of annexin V, a protein that has a strong natural
affinity for PS. As shown in Fig. 3.2.11, weatment of the WEHI-mgIgE transfectoma
with anti-IgE antibody led to an increase in the population of cells with dramatically
increased annexin V-binding. The effect was similar to the one seen if the endogenous
mouse IgM on the WEHI is crosslinked with anti-IgM antibody (Fig. 3.2.11). However,
in contrast there was no such increase in annexin-V binding population of WEHI-m IgE
cells. Therefore, this result indicates that the inhibition of cellular proliferation by mgIgE

BCR is likely to be mediated by apoptosis.
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Figure 3.2.11: Apoptosis assay for monitoring cell death. Wild-type WEHI, WEHI-m IgE
or WEHI-mgIgE cells were incubated for 24 hours with anti-IgM or anti-IgE antibodies,
(crosslinked) or without any antibody (uncrosslinked). The cells were then incubated for
15 min. with 1ug/ml of Annexin V-FITC in binding buffer, and 20,000 cells were analyzed
by FACS. The histogram plot shows an overlay of crosslinked (solid line) over uncrosslinked
cells (filled histograms). |
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3.2.9 Internalization of the two IgE-BCRs

An important physiological function of the BCR is endocytosis of bound antigen.
Endocytosis leads to internalization of the antigen that is bound to BCR and its
subsequent degradation; peptides derived from the degraded antigen are then transported
back to the B-cell surface in association with major histocompatibilty complex (MHC)
class I molecules for subsequent presentation to T cells (65, 66). Internalization of the
two IgE receptors was measured by incubating the cells with fluorescein isothiocyanate
(FITC)-conjugated rabbit anti-€ antiserum and following incubation at 37°C, determining
the decrease in cell-associated fluorescence (66, 204).

The two WEHI transfectomas were pretreated with fluorescein isothiocyanate
(FITC)-conjugated anti human IgE antibody at 4°C and subsequently incubated in culture
medium for 60 minutes at 37°C. The remaining FITC-molecules on the surface were then
detected with the FACScan. The FITC flourescence rapidly diminishes with the
acidification that accompanies endocytosis. Since, the same FITC-conjugated anti-human
IgE was used for both the transfectomas, any residual dissociation of the antibody at
37°C was same for both cell lines. Also, cells incubated at 37°C, with the FITC-anti-
human IgE but in the presence of 0.1% sodium azide (no internalization) showed no
significant difference in their flourescence from those incubated at 4°C (positive control);
thereby indicating that there is very little dissociation of antibody at 37°C (data not
shown). The percent internalization was calculated by expressing the residual mean
flourescence as a percentage of the zero time value. As shown in Fig. 3.2.13, after
crosslinking with the antibody, the residual amount of mgIgE molecules on the surface of
WEHI-mgIgE cells is approximately twice as much as that on the surface of WEHI-
my IgE cells. This result seems to indicate that the two IgE-BCRs also differ in their rate
of internalization, with the my IgE BCR being faster and probably more efficient than the

mglgE BCR.



85

Internalization assay of the short and long IgE-BCR

=
] anti-IgE Ign=0.37 ] anti-IgE Ign=0.63

| control (t=0) control (t=0)

2

LT
FL1-H

4 103

10 10

WEHI-mglge WEHI-my IgE

Figure 3.2.12: Internalization of IgE-BCRs. The two WEHI transfectomas were stained
on the surface with FITC-rabbit anti-human IgE and then incubated for 60 min. at 37°C.
Remaining FITC molecules were detected on the surface with a FACScan and mean values
of FACScan histograms (10,000 cells/sample) were then used for calculation of percentage
internalization. Cells stained with FITC-anti human IgE without incubation at 37°C were
the positive control (filled histogram) and cells after 60 min of internalization (solid line).
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SECTION 3
RESULTS

3.3.0 Characterization of the two IgE isoforms in mature B cells

3.3.1 Expression of the two IgE-BCRs in A20 cells

The results of the previous section prompted us to study the properties of the two IgE-
BCRs in more mature B cells which have undergone Ig H chaiﬁ class swiiching‘ We
chose A20 a mouse B cell lymphoma because these cells express endogenous IgG2a that
can serve as a positive control (68). A20 cells also efficiently present antigen through
IgG2a, and crosslinking IgG2a produces an increase of intracellular Ca2+(68).
Furthermore, A20 cells transfected with IgM have been shown to be competent to signal
through either IgM or IgG2a (63).

The constructs for the two IgE isoforms were indeperidently transfected in the A20 cells
by electroporation and G418 resistant transfectants were selected for the expression of
miIgE by immunoflourescence (Fig. 3.3.1).
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Figure 3.3.1: Expression of msIgE-BCR and my IgE-BCR levels on the surface of
transfected A20 cells. The level of surface IgE was determined in each cell line by
fluorescent flow cytometry analysis with a rabbit anti-human IgE antibody and FITC-
conjugated swine anti-rabbit IgG. A20 untransfected (dotted line); A20-mgIgE (striped
line) and A20-mIgE (solid line) are shown.
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3.3.2 Characterization of the IgE-BCR components on A20 cells

To characterize the IgE-BCR and to look for the existence of the eBAPS in these
cells, we immunoprecipitated the IgE antigen receptor complex from digitonin lysates of
surface biotinylated A20-mgIgE and A20-my IgE cells. The immunoprecipitated material
was resolved on a 10% SDS gel under reducing conditions (Fig. 3.3.2). Analysis of the
mlgE complex yielded again the characteristic pattem of heavy and light chain and the B
cell specific proteins Ig-a (32 kDa) and Ig-p (37-39 kDa). The Ig-o associated with the
myp IgE was again of a higher molecuiar weight than that associated with mgIgE (Fig.
3.3.2). Like in the WEHI, this difference was also due to different terminal glycosylation
of the two N-glycosylation sites in the polypeptide, indicating that association of
differentially glycosylated form of Ig-a is independent of the differentiation state of B

cells. In contrast, the eEBAPS were not found to be associated with the IgE BCRs on the

surface of A20 cells, suggesting a differentiation dependent association.
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g Fig-;ir*e 3.3.2: #mmunoprecipitation of BCRs from biotin-labeled cell-
surface proteins. A20-mgIgE and A20-mp IgE were surface biotinylated
and treated with digitonin lysis buffer to preserve the BCR complexes.
Lysates were treated with anti-IgE, to immunoprecipitate the IgE-BCR.
Immunoprecipitated material was treated with Endo H or PNGase as
indicated and analyzed by reducing 10% SDS-PAGE. Arrow-heads
indicate the position of the Ig-o polypeptide after removal of one of the
two N-linked carbohydrate moieties by Endo H. Ig-a(N.2) and Ig-B(N-3)
correspond to the Ig-o and Ig-B polypeptides after removal by PNGase of
the 2 or 3 N-linked carbohydrate moieties, respectively.
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3.3.3 Protein tyrosine phosphorylation upon crosslinking of the IgE-
BCRs on A20 cells.

In order to analyze the activation of protein tyrosine kinases upon crosslinking the
IgE-BCRs expressed on A20 cells, we used transfected cell lines (A20-mgIgE and A20-
my IgE ) that expressed comparable levels of the two mIgEs. The two cell lines were
incubated for different periods of time (1-40 min) in the presence of anti-IgE antibody.
The PTK activation in these cells was monitored by the increase in tyrosine
phosphorylation of PTK substrate proteins in Triton X-100 cell lysates. The lysates were
run on a 10% reducing gel, and the blot was probed with an anti-phosphotyrosine
antibody. Crosslinking of the two IgE BCRs resulted in the increase in phosphorylation
of a different set of substrate proteins between the two IgE BCRs. However, the kinetics
of phosphorylation of the two IgE-BCRs remained the same (Fig. 3.3.3). The above
result was in marked contrast to that obtained in the WEHI, in which both the IgE BCRs
upon crdéslinking induced the phosphorylation of the same set of substrate proteins, but
they differ in the kinetics of tyrosine phosphorylation. The fact that in A20 the two IgE
BCRs phosphorylate a different set of substrate proteins but with the same kinetics,
implies that in these cells as well, the two IgE BCRs signal differently, and may induce

different cellular responses.
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Figure 3.3.3: Kinetics of PTK substrate phosphorylation upon cross-linking of the mgIgE-
BCR, m IgE-BCR. A20-my IgE or A20-mgIgE cells were incubated for various times with
anti-IgE antibody, as indicated on top of each gel. Cellular extracts were then prepared and

tyrosine phosphorylated proteins detected by immunoblotting with an anti-phosphotyrosine
mADb.
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DISCUSSION

During terminal B cell differentiation to plasma cells a switch from production of
membrane-bound to secreted immunoglobulin occurs (154, 192, 193). The production of

these two types of Ig H chains is regulated by differential splicing and polyadenylation of

primary H chain transcripts (39, 40). The membrane and secretory H chain isoforms

differ only in their C-termini, where they contain a hydrophobic or hydrophilic sequence

respectively. The pattern of splicing is more complex in the case of human IgE, since a

number of alternatively spliced € transcripts have been detected in all human IgE

producing cells examined to date, demonstrating that they occur naturally in non-atopic

and atopic humans (150-152, 165). These variants encode two membrane forms of IgE

and four putative secreted isoforms (Figure 1.8).

Tt has been previously demonstrated that the € mRNA variant pattern is not fixed
either in vivo or in vitro. Addition of diesel exhaust particle (DEP)-derived polyaromatic
hydrocarbons to B cells stimulated to produce IgE leads to a significant alteration in the |
relative ratios of each of the € variants. The four isoforms CH4-M1'-M2, CH4-M2',
CH4-M?2", and CH4-S all increased from about 22-33 fold over basal levels and the total
amount of ¢ mRNA obtained after DEP challenge increased nearly 28-fold compared with
prechallenge levels (165). Also, more recently it has been shown that biological processes
in vivo (i.e., parasitic infection or atopy) or biologic activities in vitro (i.e., IL-10 and
cross-linking the low affinity receptor for IgE (FcERII or CD23) involved in IgE
regulation can also control the production of different variants (194). Cells from subjects

with high levels of serum IgE secondary to parasitic infection or atopy spontaneously

produced higher relative levels of the e¢CH4-M2' ¢ mRNA variant, lower relative amounts
of both the membrane and eCH4-M2" secreted variants, and very low levels of the
gCHA4'-I variant (194). When transfected in the mouse myeloma and lymphoma cells,

many of these isoforms (eCH4-M2', eCH4*, ¢CH4-I) were unable to form properly
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assembled IgE molecules, and were degraded intracellularly, with the exception of one of
the variants (€CH4-M2") referred to as €g7 which was found to be secreted with the same
efficiency. as the classical secreted eCH4-S (g1 ) (152, 156). The significance of the
mouse transfectoma results has been recently confirmed by the finding that both secreted
isoforms are co-expressed in a human IgE secreting myeloma U266, in human sera and
tonsils. The €47 form has also been shown to functionally engage the high affinity
receptor of IgE (unpublished results, Roberto Lorenzi; our lab). The above results

corroborate the hypothesis that humans have two functional secreted IgE isoforms.

4.1 Characterization of the twe murine membrane €& mRNA

polyadenylation sites

Since functional differences among the various € mRNAs may provide important insights
into the ifnmunobiology of diseases involving immediate hypersensitivity, we wanted to
investigate if alternatively spliced forms also exist in other species. We focused our study
on the mouse Ce gene whose sequence had previously been characterized until the stop
codon of the second membrane exon (141). Also, Northern blot analysis of IgE
producing mouse hybridoma cells had shown that the mouse Ce gene is transcribed into a
major RNA species corresponding to .the secreted form and two minor species
corresponding to membrane form(s) of the e chain (141, 167). These could either have
been generated by alternative splicing of membrane-exon sequences or by differential
usage of two poly(A) sites.

Therefore, we characterized the poly(A) signals of the murine membrane € transcripts.
For this, we determined the complete sequence of the 3' untranslated region of these
transcripts and 836 nucleotides (nt) of new sequence downstream of the second
polyadenylation site. The first poly(A) signal used by the mouse membrane € transcripts

is an AGTAAA hexamer located 743 nt downstream from the beginning of the M2 exon.
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The site of cleavage and polyadenylation is a CA dinucleotide located 9 nt further
downstream. Though the AGTAAA hexamer is not identical to the consensus AATAAA
and has only 30% of its activity (195), it has been found in a number of eukaryotic genes.
Most interestingly, this hexamer constitutes the polyadenylation signal sequence of
human membrane ¢ transcripts (162). However, in contrast to humans, the first mouse
poly(A) site does not contain the conserved (G+T) rich element. The absence of this
element could further weaken this poly(A) site, since even changes in the position of the
(G+T) rich regions have been shown to result in a dramatic reduction of 3' end
processing activity (196).

Unlike the human Ce gene, the mouse M2 exon contains another poly(A) signal
sequence located 486 nt downstream to the first hexamer. This AAGAAA signal sequence
is even less frequently found in eukaryotic genes, and has been attributed only 6% of the

“polyadenylation activity of the consensus AATAAA (195). However, this distal poly(A)
site contains a 21 nt long (G+T) rich region which is located 14 nt downstream to the

| cleavage site. The presence of this element could strengthen the 3' end processing activity
of the distal poly (A) site and could account for the Northern blot data in the mouse IgE
producing B cell lymphoma (129¢*) which showed that this site is preferentially utilised
by the membrane € transcripts.

Differential polyadenylation of membrane transcripts is also a feature of other
mouse Ig H-chain genes. The mouse C3 gene contains two distal poly(A) sites that give
rise to two types of membrane & transcripts, whereas three poly(A) sites are present in the
second membrane exon of the mouse Ca gene (39, 40). The striking feature of the
murine membrane € poly(A) signals is that both of them (AGTAAA and AAGAAA) are
different from the consensus AATAAA and ATTAAA sequences and have a much lower

polyadenylation activity, whereas all other mouse and human Ig H chain genes, with the

exception of human Ce, contain the consensus sequence. The presence of inefficient
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poly(A) signals in the membrane Ce locus could constitute an additional aspect in the

regulation of IgE production, preventing high level expression of membrane € transcripts.

4.2 Alternatively spliced forms of € mRNA are expressed in a mouse IgE

producing lymphoma and in normal B cells.

We also investigated the type of € mRNA expressed by a mouse IgE-producing
lymphoma cell line and by normal mouse splenocytes. This allowed us to define the

structure of the membrane exons and the positions of Splice sites within them. We show

that the predicted splice sites in the CH4, M1 and M2 exons are active and that two novel

acceptor splice sites are present within the M2 exon. As in humans, utilization of these

splice sites generates a number of ¢ mRNA variants which contain membrane-exon

sequences (Figure 4.1). Estimation of their relative amounts with a quantitative RT/PCR

assay indicated that these alternatively spliced transcripts are expressed at substantially

lower levels than the classical membrane IgE isoform (meCH4-M1-M2).

The pattern of splicing that produces the newly described murine variants is rather
similar to the one of the human € locus, although none of the variants bears significant
amino acid homology to their human counterparts (Figure 4.1). One of the new emRNAs
is produced by splicing of the CH4 exon to a novel acceptor splice site inside the M2
exon. This splicing generates an alternative membrane variant of murine IgE (meCH4-
M1-M2#) that is 10 aa shorter in the cytoplasmic domain than the classical meCH4-M1-
M2 form. This is opposite to what has been observed in humans, where the two
membrane variants differ in the length of the extracellular membrane-proximal domain
(150, 157, 163). The other two alternatively spliced emRNAs exclude the M1 exon and
splice directly into the M2 exon. One of them (meCH4-M2") splices to the first acceptor
site of the M2 exon and generates an mRNA that encodes an IgE H-chain 52 aa longer

than the classical secreted protein (meCH4-S). This form is analogous to the M2' form in
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— o mech — A e

Figure 4.1: Comparison of mouse and human € transcripts that are generated by alternative

splicing between the CH4, M1 and M2 exons.
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humans, which contains an additional 134 aa tailpiece that prevents its assembly and
secretion (152). The second form that excludes the M1 exon is produced by splicing of

CH4 to a previously undescribed acceptor splice site inside the M2 exon, between the two
poly(A) sites. This isoform (meCH4-M2") is of considerable interest since it is
analogous to the human eCH4-M2" transcript which encodes the secreted €57 isoform
(156). Both human and mouse eCH4-M2" transcripts are generated by splicing to a
novel exon, the coding region of which encodes eight amino acids in the human and
seven in the mouse. The mouse meCH4-M2" form is exactly of the same size as the
classical secreted meCH4-S since the number of amino acids replaced at the carboxy
terminal are identical. In contrast, the humam eCH4-M2" isoform is six amino acids
longer than the élassical secreted form. The human and mouse M2" exons do not share
any sequence homology, although there is a similar net charge of the carboxyl terminal
tails encoded by these two exons (Figure 4.2). Furthermore, whereas the human eCH4-
M2" transcript is readily detectable by Northern Blot analysis, the same is not true for the
mouse eCH4-M2" variant, which implies that the mouse M2" form is significantly less

represented.

mouse &
>
|
..... EGTISTSLGNTSLRPS  eCH4-S
.............. PKNVGKD  eCH4-M2"
human S
|
..... QRAVSVNPGK eCH4-S (gg1 )
............. ESSRRGGC  £CH4-M2" (g5, )

Figure 4.2: Comparison of the carboxyl-terminal sequences of the classical secretory mouse
€ heavy chain (meCH4-S) and the novel murine meCH4-M2" variant with the human
secretory isoforms €g; and €s;. Dots indicate amino acid identity. The carboxyl-terminal tail
unique to each isoform is shown in bold. Numbers are relative to the first residue of Ce.
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In conclusion, we have shown that alternative splicing of membrane exon

sequences also occurs in the mouse Ce locus. This finding is different from what has
been reported for the rat Ce gene, in which only one type of membrane transcript was
observed (197). It is noteworthy that mice, unlike humans, express only one membrane
isoform which resembles the short membrane isoform of the humans. The mouse in fact
lacks the 156 nt that are unique to the long membrane isoform of the humans. There is

significant homology, however, between mouse and humans in the remaining parts of the

molecule as shown in Figure 4.3.

The mouse and human membrane IgE

extracellular
mouse ELDLQDLCIEEVEGEELE
human ***V___*V**A***_—A—E

transmempbrane

mouse ELWTS ICVFITLFLLSVSYGATVTVL
human WT**GL* T*DADXF*** *kx QAL FL*

cytoplasmic

mouse KVKWVLSTPMQDTPQTFQDYANILQTRA
human M*QRF**AE_B*QP:***_S_L**T*V**E_H} v

Figure 4.3: Comparison of the M1 and M2 exons of the classical membrane isoform of the
mouse (meCH4-M1-M2) with the short membrane isoform in the humans (heCH4-M1-

M?2). Asteriks indicate amino acid identity. The dissimilar amino acids are underlined.
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4.3 A tale of two receptors

Humans have two types of membrane € transcripts which differ only in the 5' part of the
first membrane exon (M1) that encodes the extracellular membrane proximal domain and
the transmembrane domain (Figure 3.2.1a). The longer variant mIgE (eCH4-M1'-M2)
contains 156 extra nucleotides as a consequence of alternative splicing between the donor
splice site at the 3' end of the CH4 exon and the upstream acceptor splice site in the M1
exon. These extra nucleotides encode an additional 52 amino acids in the extracellular
membrane proximal domain, which are lacking in the short isoform (eCH4-M1-M2).

Since the long membrane transcript in the humans was described as the
predominant membrane € mRNA species, because it was found at significantly higher
levels than the short species in IL-4 plus anti-CD40 stimulated peripheral blood
lymphocytes (PBLs) and in IgE producing myeloma cell lines (149, 151), we wanted to
see the pattern of expression of these two isoforms in unstimulated PBLs. The surprising
observation that the short membrane isoform is expressed significantly by unstimulated
PBLs (Figure 3.2.2) led us to investigate the properties of this isoform and to compare it
with the long membrane isoform.

We demonstrate here for the first time the existence of two functional human IgE
B-cell receptors that are generated by alternative splicing. Although both receptors were
found to be correctly assembled, transported to the cell surface, and capable of signal
transduction upon receptor engagement, a number of differences were noted between
them that could only be atfributed to the different extracellular membrane proximal
domains.
The first difference was in the rate of their transport to the plasma membrane. The transit
time of the myIgE was much longer, since only 20% of the molecules were found to be
terminally glycosylated within 3h of their synthesis, whereas almost all of the msIgE

molecules were converted into the mature form during this period. Interestingly, a
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different rate of transport has also been shown for IgM and IgD with a shorter transit time
for the former (198). In our experimeqts the endogenous IgM was transported at a similar
rate as the mp IgE, indicating that the transport of the mgIgE is extremely efficient.

Both mIgE isoforms were found to associate into complete BCR complexes that contain
the Ig-ot/Ig-P heterodimer as well as the PTKs involved in their phosphorylation.
However, a difference was also noted in the pattern of glycosylation of the associated Ig-
o; when associated with mgIgE the Ig-o polypeptide had only one of the sites terminally
glycosylated and resistant to Endo H cleavage, whereas, when associated with mp IgE,
both sites were resistant to the enzyme. This is identical to what has been reported for
IgM and IgD, which associate with partially or completely processed Ig-a, respectively
(169, 170). Several possibilities have been considered to explain the difference in
glycosylation of the Ig-o polypeptide associated with IgD, including the length of the
extracellular membrane proximal domain, the presence of inter-chain disulfide bonds in
this region and the transit time of the complex through the Golgi (171). These
possibilities could also account for the different processing of the IgE-associated Ig-o
polypeptides, since, analogous to IgD, the mg IgE contains a much longer extracellular
domain than the mgIgE, has three extra cysteines in this region and also has a lower rate

of transport to the cell surface.

4.4 The association of BCR associated proteins (eBAPs) ith IgE

An unexpected observation in this study was the finding that both IgE-receptors asséciate
with two novel BCR associated proteins (€EBAP37 and eBAP41) that were not associated
with the endogenous IgM-BCR of the WEHI lymphoma. Their association with the IgE-
receptors appeared to be very specific, since they were co-precipitated with two different
anti-IgE antisera. BCR associated proteins which are specifically associated with

particular isotypes have been described before. BAP32 and BAP37 are known to be
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exclusively associated with IgM (199), and BAP29 and BAP31 are preferentially
associated with IgD molecules (200). BAP32 has been identified to be mouse prohibitin
and BAP37 was found to be highly homologous to BAP32. Since prohibitin was
identified as an inhibitor of cell proliferation, its association with mIgM but not migD has
been thought to explain the different biological events elicited after engagement of each
receptor. BAP31 on the other hand, has recently been identified as a representative of a
novel class of sorting protein that controls anterograde transport of certain membrane
proteins from the ER to the Golgi complex (203). The BAPs associated with both miIgM
and mlgD are intracellular proteins, and are coprecipitated with the immunoglobulins only
in Triton X-100 and Nonidet P-40, but not in digitonin lysates. It has also been shown
that the transmembrane domain of mIgM determines the specificity of the interaction with
BAP32/prohibitin and BAP37 (199, 200).

There are a number of characteristics which distinguish the EBAPs from the above
described proteins: They have an extracellular domain which was labeled in the cell-
surface biotinylation experiment, implying that they are membrane proteins unlike the
BAPs associated with IgM and IgD. Both proteins were glycosylated, and they form
disulfide-bonded homo or heterodimers depending on which of the two IgE BCRs they
associate with. The eBAP41 appeared to be underrepresented in the miIgE-BCR,
suggesting that the longer extracellular membrane-proximal domain affects the association
of eBAP41 to the BCR or its accessibility to biotinylation. At present we do not know
which domain(s) of IgE impart the specificity of the interaction with the two BAPs. The
possibility that it could also be via the cytoplasmic domain cannot be ruled out, since IgE
in contrast to IgM and IgD has a longer cytoplasmic domain (28 aa in IgE vs 3 in IgM/D)
(70) which may contribute to confer selective association. Also, we do not know whether

the eBAPs play a role in the difference in signal transduction and cellular responses

observed between the two IgE-BCRs on WEHI cells.
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4.5 Functional differences between the two IgE-BCRs

Functional differences between the two IgE BCRs was analysed by looking at tyrosine
phosphorylation, cellular proliferation and internalization.
The most striking difference between the two IgE-BCRs was related to the response
elicited by their crosslinking. Both receptors appeared to activate the same PTKs, as
judged by the pattern of tyrosine phosphorylation. However, a clear difference was noted
in the maximal phosphorylation time point as well as in the duration of the response.
More specifically, the phosphorylation induced via the my IgE-BCR reached its maximum
after 1 min of receptor engagement and declined within the following 5 min. In contrast,
| the signal induced by crosslinking of the mgIgE-BCR reached its maximum after 5 min
and remained for a prolonged period. Differences in the kinetics of the response have also
been observed for the IgM- and IgD-BCRs (181). Experiments with these receptors or
receptor chimeras have indicated that the extracellular membrane-proximal and/or
transmembrane domains influence the duration of the response (181). Since in the IgE-
BCRs the difference resides only in the extracellular membrane-proximal domain, it can
be concluded that this region determines the kinetics of protein tyrosine phosphorylation
upon receptor engagement. The mechanisms through which this could occur are
unknown at present, but could be mediated through the association and/or interaction with
the different Ig-o. glycoforms or other proteins of the BCR-complex.

The different kinetics of signal transduction through the IgE-BCRs were
associated with different cellular responses of the WEHI transfectomas. Crosslinking of
the msIgE-BCR led to growth inhibition, whereas signaling through the mp IgE-BCR had
no effect on cellular proliferation. These cellular responses are analogous to those
observed after signaling through the IgM- and IgD-BCRs in WEHI cells (175). In this
case the IgM-BCR, which like mgIgE has a short extracellular spacer, is capable of

transmitting a growth inhibitory signal. A difference was also noted in the rate of
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internalization of the two IgE-BCRs, with the m; IgE-BCR being faster than the mglIgE-
BCR.

In conclusion, we have shown that both human mIgE isoforms assemble into functional
B-cell receptors. When expressed on immature B-cells, such as the WEHI lymphoma, the
two IgE-BCRs transmit qualitatively distinct signals after crosslinking.

Work is in progress to determine the properties of these two receptors in human B
cells, and in particular we are interested to see: (1) the association of the two eBAPs in
human B cells, (2) to identify them and then to study their function in these celis. Wé
transfected the two membrane IgE constructs in a variety of different human B cell lines
(Ramos, BJAB, WILCL, TAK3). However, we had no expression of either of the two
membrane isoforms in any of the B cell lines. We suspect that our chimeric
(mouse/human) heavy chain does not assemble with the human light chain. At present,
work is in progress to modify these constructs and to obtain human B cell clones
expressing the two IgE isoforms.

However, it should also be noted here that B-cells co-expressing IgM and IgE have been
detected in peripheral blood (201, 202). Clearly, it would be of interest to determine the
type of mIgE expressed by these cells and whether ‘the two mIgE-BCRs can be co-
expressed by the same cell, and if so what is the final outcome of signalling through these
receptors. The final outcome of signalling may depend on the relative expression of the
two isoforms with respect to each other, and at the differentiation state of the B cell. It
could be that Ag-induced signalling through mgIgE-BCR generates a negative signal that
results in deletion of the B cell. In contrast, by this hypothesis, signalling through mj IgE-
BCR generates signals positive for activation of B cell that also interfere with negative
signals simultaneously generated through mgIgE-BCR. Such studies should further
delineate the relevance of having two receptors with identical specificity for the ligand and
may allow characterization of additional components of the BCR signal-transduction

pathways.
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CONCLUSIONS

The work presented here focused on the molecular, biochemical and functional
characterization of membrane IgE isoforms. Recent studies on the human Ce gene
produces a number of alternatively spliced heavy chain transcripts of which some encode
functional IgE isoforms. The first part of the study presented here shows that
differentially processed € mRNA variants also exist in the mouse and are generated by
differential polyadenylation and alternative splicing of primary € chain transcripts. The
two poly(A) sites of the mouse membrane transcripts were identified in the present study
by RACE-PCR analysis. The first poly(A) site is located 743 nt downstream from the
beginning of the second membrane exon (M2) and contains the same non-consensus
AGTAAA signal sequence as the single poly(A) site of the human membrane transcripts.
The second poly(A) site is located almost 500 nt further downstream and is characterized
by an AAGAAA hexamer. This poly(A) site contains a (G+T) rich element downstream
to the site of cleavage and polyadenylation, and is preferentially utilised by the membrane
¢ transcripts. Additional diversity of € transcripts is generated by alternative splicing
between the last constant region exon (CH4) and the two membrane exons (M1 and M2).
The alternatively spliced transcripts include two variants that skip the first membrane exon
and encode € heavy chains that lack the transmembrane domain. The third variant is
generated by splicing to an internal site in M2 and codes for a membrane isoform that is
10 amino acids shorter in the cytoplasmic domain than the classical membrane IgE.
Although little amino-acid sequence homology exists between the murine € chain
isoforms and their human counterparts, the pattern of splicing is rather conserved
between the two species. (Shubha Anand, Facundo D Batista, Tatiana Tkach, Dimitar G
Efremov and Oscar Burrone. (1997) Multiple transcripts of murine immunoglobulin €
membrane locus are generated by alternative splicing and differential usage of two
polyadenylation sites. Mol. Immunol. 34, 175)

The second part of this study shows for the first time the existence of two functional
human IgE B cell receptors that are generated by alternative splicing. The human Ce gene
expresses two membrane IgE heavy (H) chain mRNAs which differ in the sequence that
encodes their extracellular membrane-proximal domain. In the long IgE isoform (mrIgE)
this domain contains a stretch of 52 amino acids which are absent in the short variant
(msIgE). We generated B-cell transfectoma cell lines that express these two isoforms and
show that both types of mIgE form functional B-cell antigen receptors (BCR). Both
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receptors associate with the Ig-o/Ig-B heterodimer, as well as with protein kinases that

are capable of phosphorylating this complex. Upon their crosslinking, both receptors can
activate protein tyrosine kinases that phosphorylate the same substrate proteins. Both IgE
receptors also associate with two novel proteins that do not bind to mIgM. Apart from
these similarities, the two IgE-BCRs show several differences of which some are
analogous to the differences between the IgM- and IgD-BCRs. First, the msIgE is
transported to the cell surface at a higher rate than the my IgE. Second, the two IgE-BCRs
associate with differently glycosylated Ig-o proteins: the mp IgE associates with the
completely glycosylated form, whereas the msIgE associates with an Ig-o glycoform that
is partially sensitive to EndoH. Third, the kinetics of protein tyrosine phosphorylation
induced by receptor crosslinking is significantly different for the two IgE-BCRs. Finally,
crosslinking of the msIgE-BCR leads to growth inhibition of the B-cell transfectoma,
whereas signaling through the ‘mLIgE-BCR does not affect the cellular proliferation.
These data show that the two human membrane IgE isoforms assemble into functionally
distinct antigen receptors which can induce different cellular responses. (Facundo D
Batista, Shubha Anand, Gianni Presani, Dimitar G Efremov and Oscar Burrone. (1996)
The two membrane isoforms of human IgE assemble into functionally distinct B- cell
antigen receptors. J. Exp. Med. 184, 2197).
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