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INTRODUCTION

From the numerous surface markers of a B lymphocyte, the B-
cell antigen receptor (BCR) complex is probably the most
powerful marker influencing the developmental processes of
the cell. The BCR consists of the membrane-bound immuno-
globulin (mlg) but, depending on the state of differentiation,
may be associated with a couple of other transmembrane
proteins, most notably Iga (CD79a) and IgB (CD79b)." The
N-terminal end of the mlg harbours the antigen-binding site,
characterized by an incredibly high potential for diversification
and built up by the variable regions of heavy and light chains.
Followed by three or four constant domains, depending on the
selected immunoglobulin-isotype, the mlg finally expresses two
further domains: a transmembrane domain and a cytoplasmic
tail, both of which vary in their isotype-specific amino acid
composition.” So far, the sheath proteins Iga and Ig are known
as the signal transduction component of the BCR complex,
connecting the antigen receptor to the tyrosine phosphorylation
pathways in the cell. All isotypes of mlg can form a complex
with Iga and IgB,? indicating an involvement of all isotypes in
the signal transduction pathway.

Venkitaraman et al.® showed that for mIgG and miIgD the
Iga/Igp sheath is not required for surface expression. However,
Iga/IgB is the minimum requirement for signal transduction®
and, in the case of IgM, is responsible for the release from
intracellular retention sites.” Iga is expressed by the mb-1 gene
and is a 32 000 MW glycoprotein. Igp3 (B29 gene) can be
expressed in two different isoforms of 37 000 and 39 000 MW,
respectively. Interestingly, [ga can be differentially glycosylated.
Pogue and Goodnow® suggested that the extracellular spacer
domain of mIgD is necessary and sufficient to confer the mIgD-
specific glycosylation pattern of the mb-1 gene.® However, it
remains to be elucidated if and how alternative glycosylation of
mb-1 may affect signalling competence or internalization.

THE TRANSMEMBRANE DOMAIN OF mligs

Based on original studies, the transmembrane domain of mlgs
was identified as a stretch of 25 uncharged amino acids between
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charged residues of the putative extracellular and intracellular
regions.” This implies a very short cytoplasmic tail of only three
amino acids lysine (K), valine (V), lysine (K) for the p and &
heavy chains. However, according to the neural network protein
prediction method (PHDtopology)® the transmembrane domain
is assumed to be six amino acids shorter, resulting in cytoplas-
mic tails six amino acids in length for IgM and IgD. A third
algorithm,” even suggests a p-cytoplasmic tail of 11 amino acid
residues. Undoubtedly, this would have an effect on the strength
of the immunoglobulin tails to interact with signal-transducing
components, as supposed by Cambier and colleagues.”

Most of the functional data concerning the transmembrane
domain are deduced from point mutation studies. It could be
shown that two polar motifs, the -YSTTVT- and the -TTAST-
patches within the p transmembrane domain are of crucial
importance for correct functioning of the BCR. Amino acid
residues of these regions contain structural information suffi-
cient for association of . chains with the Iga/IgB sheath.'® This
assembly may be additionally affected by the glycosylation
pattern of the extracellular domain of the BCR.'' Pleiman
et al.'® reported, that distinct point mutations within the
—YSTTVT- motif totally inhibited antigen-induced signal trans-
duction, though the interaction with Iga was not impaired.
However, the use of polyclonal anti-p serum restored signal
transduction probably as a result of more efficient cross-linking
of the BCR. Pleiman er al.'? further hypothesized that the
presence of Iga/Igf, although absolutely required, is not suffi-
cient for signal induction, suggesting the existence of a kinase
prebound to the . heavy chain. This assumption supports the
finding of Williams er al."> who identified a serine/threonine
kinase associated with the IgM-BCR independently of the Iga/
Ig[ sheath. Mitchell et al. 4 mutated the tyrosine residue within
the —-YSTTVT- to phenylalanine and showed that the signalling
competence was not influenced, but efficient processing and
presentation of antigen was affected. The mutation did not affect
the association with the Iga/Igf sheath, pointing to a role of the
mlg in intracellular trafficking to class II-rich processing vesi-
cles. Whether these two polar motifs also influence the selective
binding of the BCR-associated proteins (BAPs) remains to be
investigated. Five BAPs have been identified so far, three of
which exclusively bind mIgM (BAP32, BAP37 and BAP41)"°
and two interact with mIgD (BAP29 and BAP31).'®

The —-TTAST- and -YSTTVT- patches have also been
suggested to be critical for endoplasmic reticulum retention
of the BCR. In addition to the transmembrane domain, the
exoplasmic constant region was shown also to play a role in
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endoplasmic reticulum retention: deletion of the first constant
exon CHI of the p heavy chain allowed surface expression in
the absence of mb-1."" It is likely that immunoglobulin chains
are retained in the endoplasmic reticulum by chaperons such
as calnexin,'® BiP and GRP94, preventing surface expression
until their binding domains are masked by the Iga/Igf3
dimer." This mechanism may provide correct assembly of
the BCR and degradation of incorrectly folded or incomplete
complexes.””

To date, most studies were performed using the w heavy
chain. However, neither the —-YSTTVT- nor the -TTAST- patch
is conserved among the different isotypes, suggesting further
motifs to be responsible for Iga association. Furthermore, there
is a remarkable clonal variation among the cell lines transfected
with immunoglobulin heavy chain constructs concerning
expression and surface transport, complicating a precise inter-
pretation of the cellular and molecular events leading to correct
assembly of functional BCRs.>?!

THE CYTOPLASMIC TAILS OF mlgs

All immunoglobulin cytoplasmic tails differ in size and amino
acid composition. However, with the exception of IgA, the first
three amino acids (KVK; Kyte algorithm) are conserved among
the different isotypes (Fig. 1). Probably, the putative three
amino acid residues KVK of the mIgM and mlIgD would be
far too short to interact with any signal transducers, whereas a
tail of six amino acids (as predicted by PHDtopology) or 11
amino acids (Kyte and Doolittle’) could be sufficient for active
protein—protein interactions. Apparently, the charge of the tail
rather than the precise amino acid composition of the KVK tail
(at least in human p chains) is responsible for proper signalling
and internalization. An exchange of KVK to RIR in transfected
cell lines impairs neither calcium mobilization nor antigen
internalization. On the other hand, a negatively charged mIgM
tail prevents the surface expression of the receptor, probably by
interfering with the negatively charged phospholipids within the
membrane.> However, deletion of the KVK tail of the . chain
results in the generation of a phosphatidyl-inositol-linked mem-
brane protein, lacking any competence for signalling and anti-
gen presentation in transfected cell lines.?® The dramatic effects
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of removing or exchanging the cytoplasmic tail could indicate
that the tail is strongly involved in the interaction with immuno-
globulin-associated proteins. Alternatively, the deletion of the
cytoplasmic domain could induce an inactivating allosteric
conformational change in the structure of the mIgM molecule
because of the covalent attachment to the membrane lipids.

In contrast to mIgM, the tails of the other isotypes (y, € and
o) are strongly suggested to interact with additional signalling
units. Truncation of the murine € and +y1 tails from 28 amino
acids to the conserved KVK sequence in knock-out mice result
in severely reduced quantity and affinity of the respective
secreted antibody in both primary and secondary responses,
though class switch was not affected.?**> In a recent work
Luger et al.?® additionally described that somatic diversity of
the immunoglobulin repertoire is influenced by the cytoplasmic
tails of mlgs. Furthermore, transfectants of vyl tail-truncated
constructs>> exhibit a dramatic reduction in surface expression.
Weiser ez al.?’ showed that mIgG2a, without the Iga/IgB sheath,
is efficiently internalized after antigen binding, demonstrating
the capacity of the tail to interact with the internalization
machinery independently from sheath proteins. According to
Patel and Neuberger,28 other isotypes require the Iga/Ig3 sheath
for antigen internalization, though the process of internalization
may be driven independently on the tyrosine residues within the
sheath. For correct intracellular targeting of the BCR however,
Iga/IgB may not be sufficient.'*

Martin and Goodnow?® could show that an exchange of the
transmembrane and cytoplasmic domain of mIgM for mIgG1
strongly enhances plasma cell formation by increasing clonal
expansion and decreasing cell loss during the germinal centre
reaction. They suggested that the longer tail is responsible for
the enhanced secondary immune response.

Summarizing, one can speculate whether the reduced serum
response in tail-truncated mice is simply the result of reduced
surface expression, or if the tail serves as the actual docking site
for additional signalling components or adaptor proteins, thus
affecting BCR-mediated signalling or antigen processing and
presentation.®® One could argue that only the transmembrane
regions are important for surface expression, as previously
discussed, but regarding the slight variations in the transmem-
brane domain of the ¢ and -y subtypes, the longer tails could be
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Figure 1. Amino acid alignment of the C-terminal domains of mouse mlg-isotypes. Light shading, domains as predicted by the Kyte
and Doolittle algorithm; medium shading, domains as predicted by PHDtopology; dark shading, domains as predicted by the Klein
algorithm. In the case of mIgA, the transmembrane and cytoplasmic domains are encoded by just one exon. Concerning the
extracellular domain, light and dark shade are coherent.

© 2003 Blackwell Publishing Ltd, Immunology, 110, 401-410



Signal transduction models through B-cell antigen receptor

supposed to compensate for a diminished potency of the
transmembrane domain for Iga association.

RECEPTOR STIMULATION

One of the first events after receptor engagement is the sub-
sequent phosphorylation of the ITAMs (immunoreceptor tyro-
sine-based activation motif with the sequence —YxxLx;YxxI/
L-, which are present as single copy in the cytoplasmic domains
of Igae and IgP (Fig. 2). This phosphorylation is mediated by
members of the Src-family kinases Lyn, Blk, Fyn and/or Lck.
The phosphorylated ITAMs provide a binding site for the SH2-
containing kinase Syk, which in turn is subsequently activated
by Src-family kinases, resulting in an enhanced binding capa-
city towards the phosphorylated ITAMs (src-family kinases also
bear SH2 domains). This activation cascade leads to the recruit-
ment of additional effector and scaffold molecules, most nota-
bly BLNK (SLP65 or BASH), HS1 and SHC which are further
substrates for the protein tyrosine kinases (PTKs) leading to the
formation of a putative stable signalling complex, the signalo-
some. The immediate-early signalling pathways activated upon
receptor engagement are well characterized and include most
notably microtubule-associated protein (MAP) kinases, phos-
pholipase C-y (PLC-v) (accompanied by calcium release) and
the phosphatidyl inositol-3 kinase. All these pathways are
extensively reviewed elsewhere.?'* Conversely, little is known
about how the initial phosphorylation of the ITAMs within the
Iga/Igf3 sheath is mediated. In principle, two models (Fig. 3) for
the initiation of BCR signalling are discussed: the allosteric
activation of cytoplasmic protein—tyrosine kinases upon antigen
binding, and the activation of a cytoplasmic tyrosine kinase
upon clustering of two or more BCRs on the membrane. A
further matter of discussion deals with the initial presence of the
kinases leading to ITAM phosphorylation. The kinases could
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either be (1) preassociated or otherwise, the antigen-induced
clustering of BCRs could result in their (2) translocation into
specialized signalling domains. Thus, for the allosteric as well
as the clustering model two further models can be brought
forward: the preassociation model and the signalling domain
model (lipid raft model).

The allosteric activation model (Fig. 3)

As first suggested by Cambier et al.,” antigen binding could
induce a conformational change in the structure of the cyto-
plasmic portion of the mlg, thereby activating a prebound
protein tyrosine kinase that triggers the cytoplasmic signalling
cascade. Alternatively, Reth® proposes that the conformational
change of the mlg upon antigen binding may lead to the
production of hydrogen peroxide, which activates the receptor
proximal kinases by selective inhibition of phosphatases. A
third possibility is that the conformational change induces the
translocation of the BCR into distinct signalling domains (rafts)
within the membrane.

The clustering model (Fig. 3)

In general, this model proposes that the local proximity of two
or more BCRs induces the activation of cytoplasmic kinases.
Approximately 5 x 10°—25 x 10* BCRs constantly cover the
surface of a B cell.?> According to this model, a signal is either
triggered by cross-linking of BCRs through multivalent antigen
or as a result of stochastic co-location of multiple receptors by
passive diffusion on the cell surface. The latter mode of signal
activation proposes that once a receptor becomes stabilized
through interaction with antigen, the probability of the pro-
longed co-location of a second receptor is slightly enhanced. In
other words, the antigen alters the magnitude of membrane

ITAM
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Figure 2. Model of the BCR complex. The mlg backbone, comprising two immunoglobulin heavy chains, two immunoglobulin light
chains, the transmembrane region and the cytoplasmic domain, is associated with the two coat proteins Iga and Igf3. Both sheath
proteins, inside their intracellular tail harbour an ITAM motif. On antigen contact, the tyrosines of the ITAMs are phosphorylated by

members of the Src-family kinsases.

© 2003 Blackwell Publishing Ltd, Immunology, 110, 401-410
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Figure 3. Model for the initial phosphorylation of the ITAMs within the Iga/IgR sheath. In principle, two models for the initiation of
BCR signalling are discussed: the allosteric activation of cytoplasmic protein—tyrosine kinases upon antigen binding (a), and the
activation of cytoplasmic protein—tyrosine kinases upon clustering of two or more BCRs on the membrane (b). However, the kinases
leading to the initial phosphorylation event could be preassociated to the cytoplasmic tails of Iga/Igf (Pre-association model), or the
BCRs, as a result of the clustering, are translocated to specialized membrane locations (signalling domain or lipid raft model).

diffusion of the receptors depending on its K, value. The higher
the affinity of the BCR for the antigen, the more probable the
prolonged co-location of one or more receptors on the cell
surface and the higher the net signal strength. This model of
stochastic signalling was initially proposed for the T-cell recep-
tor’® but it seems plausible that BCR signal induction may act in
a similar fashion because higher molecular complexes of clus-
tered BCRs can be isolated from B-cell surfaces even in the
absence of antigen.®’

The preassociation model (Fig. 3)

The simplest conception is that Lyn is preassociated with the
BCR so that surface approximation of multiple receptors allows
Lyn to phosphorylate the ITAMs of the adjacent BCR complex.
Otherwise, the conformational change upon receptor engage-
ment could allow Lyn to act on the ITAMs. According to this
model, Lyn binds to Iga/Igf without receptor engagement,
however, it remains speculative whether the binding of the
PTK to Iga is mediated by the SH-2 domain as a result of
background phosphorylation of the ITAMs or if the mode of
interaction is independent from phosphotyrosines.®® Alterna-
tively, the src-family PTKs could be preassociated with the mIg
itself, without requiring the presence of the Iga/IgP sheath, as
predicted by two groups.'>® However, there is also evidence

for a transducer complex prebound to the inactive BCR as
postulated by Reth and Wienands.* This transducer complex may
involve the BAPs and is assumed to bind to unphosphorylated
ITAMs of the Iga/IgPR sheath, thereby preventing the uncon-
trolled phosphorylation of the ITAMs. BCR engagement could
result in the release of the transducer complex from the BCR
and its subsequent activation, whereupon the ITAM-tyrosines
become accessible for phosphorylation by the src-family
kinases resulting in the initiation of several signalling pathways.

The signalling domain model (Fig. 3)

Recently it was found that Lyn is constitutively present in
glycolipid-enriched membrane microdomains, termed GEMs
or lipid rafts, via its doubly acetylated N terminus, whereas the
monomeric BCR seems to be excluded from rafts. On cross-
linking by antigen, the BCR immediately translocates into
rafts.®® This indicates that the equilibrium distribution of the
BCR within lipid rafts would regulate the phosphorylation of its
ITAMs by raft-associated Lyn.

Another important finding is that Lyn itself is not consti-
tutively active but tightly regulated. In fact, two tyrosine
residues (Tyr416 and Tyr527) within the catalytic domain
contribute to the activity of Lyn. Autophosphorylation of
Tyr416 is stimulatory, whereas phosphorylation of Tyr527

© 2003 Blackwell Publishing Ltd, Immunology, 110, 401-410
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provokes the intramolecular association with the SH2 domain,
thereby inhibiting kinase activity. Phosphorylation of Tyr527 is
negatively controlled by CSK tyrosine kinase (C-terminal Src
kinase or p50°**) and positively influenced by the phosphatase
CD45.%

CD45 is a transmembrane protein tyrosine phosphatase
(PTPase) that is highly expressed in all haematopoietic
lineages.*! However, each cell type produces a distinct CD45
isoform, ranging in molecular weight from 180 000 to 235 000.
The various isoforms all share the same intracellular PTPase
domain, but differ in their extracellular domain concerning
length and pattern of glycosylation. The isoform characteristic
for the B-cell lineage is CD45R (also called B220, because of its
molecular weight of 220 000).** It is suggested that CD45 can
act on a broad spectrum of different substrates, thereby mod-
ulating the activity of multiple receptor proximal elements in
either a positive or negative fashion. Most findings led to the
prevailing view that CD45 enhances BCR signalling by dephos-
phorylation of tyrosine 527 of the lyn kinase;** conversely,
Yanagi et al. found that CD45-deficient DT40 B cells exhibit
hyperphosphorylation of Lyn at both the positive and negative
regulatory tyrosine residues.*’ In addition, CD45-negative vari-
ants of WEHI-231 cells show increased tyrosine phosphoryla-
tion of cellular proteins at the resting state accompanied by
prolonged calcium release upon BCR challenge.** These appar-
ent discrepancies suggest CD45 to have both positive and
negative roles in BCR signalling and have been explained by
selective exclusion of CD45 from or inclusion in sites of
receptor clustering.*’ The sorting of signalling modules is
most likely achieved by lipid rafts.*> Moreover, it could be
shown that the enzymatic activity of CD45 was increased upon
its phosphorylation by CSK, leading to the direct interaction of
the src-family kinase Ick with CD45.*° Thus, a tight pattern of
reciprocal interference of CSK and CD45 allow or prohibit
transmission signals from the BCR.

The kinase CSK negatively regulates BCR-mediated signal-
ling by phosphorylation of the tyrosine 527 within the catalytic
domain of Lyn.*® The myristylated N terminus of Lyn enables
constitutive anchoring to the plasma membrane, whereas CSK
lacks a long, saturated acyl chain and therefore is located in the
cytoplasm. However, recently a transmembrane adaptor mole-
cule termed PAG (phosphoprotein associated with glycosphin-
golipid-enriched microdomains, also called CBP) was identified
that is present within lipid rafts. The phosphorylated PAGs
provide a binding site for CSK via its SH2 domain.*® It is
thought that in resting B cells PAG is constitutively phosphory-
lated, implying the inhibition of Lyn activity by the active,
membrane-proximal CSK. Upon BCR engagement, PAG
becomes dephosphorylated, leading to the release of CSK from
the PAG and the activation of Lyn.***’ The PTPase that
mediates dephosphorylation of the PAGs remains to be identi-
fied, but CD45 could be a possible candidate.*?

A simplified scenario of signal initiation according to the
lipid raft model could be summarized as follows: in the resting
state, Lyn is kept inactive within membrane rafts by PAG-
associated CSK, whereas monomeric BCRs and CD45 are
excluded from rafts. Upon receptor engagement, the clustered
BCRs gain access to rafts — probably independent from PTK
activity — thereby modulating the molecule composition of the

© 2003 Blackwell Publishing Ltd, Immunology, 110, 401-410

rafts, which allows entrance of the PTPase CD45. The subse-
quent dephosphorylation of PAGs leads to the release of CSK
and the activation of Lyn, which in turn can mediate phosphory-
lation of the ITAMs. Prolonged co-location of CD45 and Lyn
could finally terminate the signal by dephosphorylation of
tyrosine 416 within Lyn. Together, all the different models
discussed above could work alone or in combination to elicit
a signal from the engaged BCR.

ACTIVATION OF DIFFERENT SIGNALLING
PATHWAYS BY THE BCR

Strikingly, all the distinct cytoplasmic signals wired from the
BCR upon engagement can differ not just in quantity, but more
surprisingly even in quality.*® Thus the BCR is able selectively
to turn on a specific signalling pathway, by keeping another
quiescent. The putative mechanisms, contributing to the switch-
board functioning of the BCR are briefly discussed.

Different receptor isotypes may evoke different signals

Mature B cells are normally double positive for mIgM and
mlgD. However, the signals initiated from either isotype differ
concerning kinetics and intensity. Kim and Reth*® propose that
IgM but not mIgD is under control of a negative feedback loop,
thereby promoting enhanced apoptosis. These data are consis-
tent with the findings that engagement of IgM on immature cells
in vivo and in p-transfectants in vitro result in their apoptotic
deletion, whereas engagement of mlgD does not have this
effect.’®>% In addition, the glycosyl-phosphatidylinositol
(GPD)-linked isoform of mIgD>® selectively activates cAMP-,
but not Ca>"-dependent signalling pathways, thereby prevent-
ing apoptotic cell death and contributing to B-cell activation.>*
Peckham er al. gained the reciprocal results, assessing that
apoptosis induction is far more susceptible to &-mediated
signalling than signals initiated by the . isotype.>®> However,
in vivo, the BCR of either isotype seems to be able to com-
pensate for the loss of the other since mice deficient for mIgM or
mlgD show only weak phenotypes.’®>” In these mice the IgM-
BCR probably mimics the IgD-BCR and vice versa. Further-
more, in immunoglobulin-transgenic mice carrying either hen-
egg-lysozyme (HEL) -specific mIgM or mIgD, the response to
HEL was comparable to that of the double transgenics in both
tolerance induction and activation.>®

Concerning other isotypes, it has been clearly shown
that the cytoplasmic tails of I[gG1 and IgE influence the quantity
and quality of the immune response. In mice with mutations in
the cytoplasmic tails of IgGl and IgE, aimed to mimic the
cytoplasmic tail of IgM, a dramatic decrease of the serum level
of the respective isotype was found.

These differences might be the result of signalling proteins
interacting with distinct BCR-isotypes as a couple of proteins
have been identified that selectively interact with mIgM
(BAP32, BAP37 and BAP41),'”> mIgD (BAP29 and
BAP31),'® mIgG2a>® and human mIgE.*®°

Indeed, in our laboratory we recently identified a potential
candidate, the haematopoietic progenitor kinase 1 (HPK1) as
interaction partner for the cytoplasmic tails of mIgE and
mlgGs.®!

24,25
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Furthermore as already mentioned, the glycosylation pattern
of Iga may be isotype specific, thereby recruiting distinct
signalling molecules to the membrane. Also the relative abun-
dances of the respective isotypes on the cell membrane could
give rise to alternative signal emission, taking into account that
the ratio of p and 3 expression on double-positive B cells is
strongly dependent on whether the cell is transitional, mature,
anergic, or of the B1 phenotype. Together, the existing data raise
the possibility that isotype-dependent signal transduction path-
ways exist in parallel with the well-characterized signal trans-
duction pathways via the Iga/Igf3 sheath proteins.

The developmental status of the B cell may turn on the
signals according to the pre-existing set of signalling
modules present

In this model, the developmental pattern of gene expression and
chromatin structure would allow a signal to regulate different
sets of genes. Indeed, there are slight differences in calcium
release, tyrosine phosphorylation, raft association and induction
of transcription factors in splenic B cells from adult compared to
neonatal mice,*® as well as in mouse cell lines representing
different stages of development.®® Seyfert er al.** published
developmentally regulated methylation of egr-/ in immature B
cells and in a review by Baldwin,®® different subunits of NFkB
in mature and immature B cells have been postulated. Recently,
it was supposed also that developmental differences in lipid raft
composition could alter the functional outcome of BCR signal-
ling and selectively recruit a specific set of signal transducers to
the membrane;> this assumption could explain the finding that
BCR signalling is induced outside lipid rafts in immature and
anergic B cells.5¢%

Signalling pathways, that have a certain threshold for
activation are induced depending on the signal strength;
thus, signal quantity could affect signal quality

A quantitative model would imply the existence of genes that
respond to different signal amplitudes. Since signal strength is
thought to be a direct result of the amount of receptor clustering,
the avidity of the antigen would allow a distinct alteration of
signal emission. Indeed, the notion that signal strength can
influence the cellular response is consistent with several experi-
mental findings where antigens or autoantigens of different
avidity and affinity strongly affect B-cell maturation in the
bone marrow as well as B-cell activation in the periphery. The
most intriguing examples for this model are found in experi-
ments on tolerance induction. Goodnow et al.®® showed the
functional silencing of self-reactive B cells when the affinity of
the BCR for the autoantigen exceeds a certain threshold. In
transgenic mice bearing a HEL-specific mlg and expressing
soluble HEL ubiquitously, the B cells producing the transgenic
HEL-specific BCR become anergic when the concentration of
soluble HEL corresponds to a certain minimum receptor occu-
pancy. The characteristics of anergic cells are their unrespon-
siveness to the respective antigen and their down-regulation of
mlgM. In contrast to soluble antigen, membrane-bound or
multimeric soluble HEL induce clonal deletion of HEL-specific
B cells in the bone marrow.*® Thus, tolerance induction of B

cells seems to be regulated in a signal quantitative manner.
Interestingly, mature peripheral HEL-specific B cells become
anergic either when HEL production is induced in adult mice, or
when they are transferred to HEL-transgenic mice, accompa-
nied by characteristic mIgM down-regulation.®® On the other
hand, anergy is reversed when the B cells are ‘parked’ in non-
HEL-transgenic littermates for several months, although the low
expression of mIgM was not converted to the normal pheno-
type.”® This dissociation between recovery from unresponsive-
ness and lack of mIgM up-regulation points rather to a mere
‘signal quantity’” model of tolerance induction than to the
assumption that mIgM and mlgD transmit signals of different
quality, as discussed above. Nonetheless, BCR signalling below
the critical threshold for tolerance induction is necessary for the
survival of B cells at any stage of development. The first line of
evidence for this came from Syk-deficient mice. Syk™'~ B cells
show severely impaired differentiation at the immature stage,
apparently because of the loss of BCR signalling.”! Lam er al.”
published that the inducible deletion of a LoxP-flanked trans-
genic heavy chain in mature B cells causes enhanced apoptosis,
which implies that a low level of signalling through the BCR is
required for the survival of both mature and immature B cells.
This signal can either be the result of the stochastic (ligand-
independent) signalling of the BCR as proposed by Pracht
et al.,”® or the BCR needs a low affinity for self structures.
Investigating transitional B cells, the latter assumption is
becoming more likely. The transition of B cells from the
immature to the mature stage is accompanied by a dramatic
cell loss of about 70-90%. Investigating the nature of this cell
loss revealed a non-stochastic positive selection process of B
cells bearing a distinct set of heavy-light chain pairs. If the
survival of transitional B cells depended on a tonic signal from
the BCR, the cell loss would be stochastic rather than selective,
thus pointing to a low-affinity interaction of the BCR with self
tissue (or with a yet unidentified ligand) as a prerequisite for cell
survival.”* Interestingly, Charles Janeway’> suggests that secre-
tory immunoglobulin regulates the selection of the BCR accord-
ing to the idiotypic network theory predicted by Niels Jerne. He
found that B cells unable to secrete their antibodies die by
apoptosis as do mlg-deficient B cells. However, Janeway’s
group could not restore positive selection by re-supplying the
secreted immunoglobulin.

Whether BCR signal strength regulates, with regard to
maintenance and tolerance induction, memory B cells in the
same way as mature B cells, is still a matter of controversy.
Undoubtedly, they do depend on a correctly assembled BCR but
not on specific antigen for survival.”® However, it is not yet clear
whether persisting antigen in the absence of danger can elicit the
silencing of memory B cells in a similar fashion as shown for
mature B cells.

Together, there is strong experimental evidence that B cells
constantly need a low amount of signalling from the BCR to
survive, thereby resembling T cells that also depend on low
affinity interaction of their T-cell receptors with self peptides
presented by major histocompatibility complex molecules
expressed on the surface of peripheral tissue.”> Exceeding this
threshold without T-cell help results in clonal silencing, indi-
cating that signal strength has a huge impact on the cellular
response.

© 2003 Blackwell Publishing Ltd, Immunology, 110, 401-410
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BCR-induced signals could be modulated through the
complex interplay with the signals from other receptors
(i.e. co-receptors, Toll-like receptors, integrins, cytokine
receptors, receptors for T-cell interaction)

Clearly cytokines and T-cell help pivotally shape the B-cell
response to antigen. Nonetheless, their interconnection with the
immediate-early wave of signalling triggered by the BCR is
hard to assess because of technical limitations. One can spec-
ulate whether the various receptor species on a cell wire separate
signals to the nucleus or whether they form a network of
reciprocal influence.

CD45 was recently shown to regulate cytokine-mediated
signalling as a Janus kinase (JAK) phosphatase.** Taking into
account that CD45 is involved in BCR signalling, this finding
could point to an influence of the cytokine pattern on BCR
activation, possibly by affecting the threshold settings for BCR
signalling.

Integrins might also be a candidate for modulating BCR
signalling. Integrins, such as very late antigen 4 (VLA-4) and
leucocyte function-associated molecule 1 (LFA1), are the major
family of cell surface receptors that mediate attachment to the
extracellular matrix and cell—cell adhesive interactions. Integ-
rin-mediated adhesion and signalling both play a critical role in
the differentiation of germinal centre B cells’’ and in the
formation of immunological synapses (reviewed in ref. 78).
Considering that integrins share similar upstream signalling
proteins with the BCR, e.g. CSK, SYK and CRK,79 it seems
plausible that integrins could concentrate on the site of antigen
acquisition by the BCR, contributing to the synapse formation
of GC B cells with follicular dendritic cells,*® thereby directly
affecting BCR signalling in a positive fashion.

Signalling through the Toll-like receptors (TLRs) also
strongly determines the B-cell fate. TLRs comprise a group
of evolutionarily highly conserved transmembrane proteins,
first discovered in the fruit-fly, where they mediate the release
of anti-fungal peptides. The mammalian homologues were
found to recognize distinct patterns of microbial origin (e.g.
lipopolysaccharide, dsRNA, peptidoglycan) and structures
released from stressed self-tissue (e.g. heat-shock proteins),
which enables the immune system rapidly to trigger a host
defence response (reviewed in refs 81,82). TLRs are expressed
on antigen-presenting cells, including B cells. There, the simul-
taneous recognition of antigen by the BCR and engagement of
the TLR causes a synergistic signal that leads to enhanced B-
cell activation and plasma cell formation, circumventing T-cell
help.5354

In contrast to cytokine receptors, integrins and TLRs (all of
which only possibly affect BCR-mediated signalling directly),
there is a certain group of receptors with a well-established
potential to interact physically with the BCR within the B-cell
membrane to modulate directly the signal strength and probably
signal quality upon antigen binding. This group comprises the
co-receptors (CD19, CD21, CD22, CD23, PIR-A, PIR-B and
FcyRIIb).

In general, co-ligation of the co-receptors with the BCR
results in subsequent tyrosine phosphorylation of their cyto-
plasmic tails by BCR-associated PTKs. This leads to the
initiation of a signal that is either stimulatory or inhibitory,
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depending on whether the tail of the co-receptor bears an [TAM
or an ITIM (immunoreceptor tyrosine-based inhibitory motif).*°
ITAMs provide a binding site for stimulatory tyrosine kinases,
whereas ITIMs recruit phosphatases, such as SHP (SH-2
domain containing protein tyrosine phosphatase) and SHIP
(SH-2 domain containing inositol 5-phosphatase) to the BCR
complex, thereby opposing the activation that is mediated by the
BCR.*

Two murine complement receptors have been described,
CR1 (CD35) and CR2 (CD21), which are derived from the same
gene by alternative splicing. On B cells only CR2 is expressed,
forming a stable receptor complex within the membrane
together with CD19, TAPA-1 (CD81) and LEU13. Cross-link-
ing of CD21 to the mlg by antigen complexed with complement
drastically lowers the threshold for BCR-mediated signalling
and facilitates B-cell activation.®”> A second ligand for CD21 is
CD23, a lectin-like membrane protein on the surface of B cells
and follicular dendritic cells.®

An important function on BCR-mediated signalling is also
performed by the receptor for sialic acid (CD22). CD22 recog-
nizes sialic-acid-bearing ligands, which are present ubiqui-
tously on self tissue. Co-ligation of CD22 to the mlg
represses BCR-induced responses, as in CD22 knockout mice,
a severe hyper-responsiveness to BCR stimulation could be
observed.®” Moreover, the constitutive binding to ligands in cis
apparently supports the inhibitory function of CD22 on BCR
signalling.®® This mechanism might contribute to the prevention
of humoral autoimmunity.3 2 However, CD22 was shown to
dampen selectively the signalling through IgM and IgD BCRs
but not that through IgG BCRs because the longer tail of IgG
prevents phosphorylation of CD22.3° However, this is in contra-
diction to older studies, where cross-linking of endogenous IgG
on A20 cells indeed led to CD22 phosphorylation.'?

The paired immunoglobulin like receptors (PIR) A and B are
probably the less well-characterized co-receptors. They are
thought to share the same ligand, though this ligand remains
to be identified. PIRA has a positive effect on BCR signalling,
while PIRB has a negative effect.*’

Receptors for secreted antibodies (Fc receptors) are widely
distributed among immune cells. They are found on macro-
phages, monocytes, neutrophils, mast cells, dendritic cells and
lymphoid cells. Several receptors for IgG (FcyRI, FcyRIIA,
FcyRIIB, FeyRIII) and IgE (FceRI, FeeRII, FeyRIIB, FeyRIID)
have been identified, and most of them stimulate the immune
response by enhancing antigen uptake for subsequent presenta-
tion to T cells.*>° However, only two Fc receptors are normally
found on B cells, the FcyRIIB (CD32) and FceRII (CD23). In
contrast to the other FcyRs, FcyRIIB contains an ITIM within
its cytoplasmic tail, thus contributing to the dampening of BCR-
induced signals. Most probably, FcyRIIB negatively modulates
BCR signalling not to prevent production of antibodies com-
pletely, but to prevent them from reaching abnormal levels.®
CD23 is mainly restricted to B cells and follicular dendritic
cells, but can also be found on a small portion of T cells.”!
Proteolytic cleavage by an endogenous metalloprotease results
in the release of soluble CD23,” which is still able to bind its
natural ligands CD21 and IgE.’' Initially, the role of CD23
during an immune response has been a matter of controversy,
since IgE production in CD23 knockout mice was shown to be
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either enhanced”® or unaffected.®* However, further studies
have led to the prevailing view of CD23 positively modulating
the humoral response by either enhancing BCR signalling and/
or increasing antigen uptake for processing and presentation.®

CONCLUSION

The ultimate fate of a B lymphocyte is the production of
antibodies. However, antibody production is regulated in multi-
ple complex ways, reflected by the fact that B cells must be able
to respond to an almost unlimited number of antigens. The link
between the ‘outer’ and the ‘inner’ environment is represented
by the B-cell antigen receptor and its ability to transmit signals
that accompany the B cell along its differentiation pathway. The
total antigen receptor is a multimeric protein complex consist-
ing of the membrane form of the selected immunoglobulin
isotype and at least two further coat proteins Iga and Igf3. So far,
the membrane immunoglobulin has been viewed as the back-
bone of the receptor complex, while the cytoplasmic tails of the
coat proteins were identified as the signal transducing compo-
nent, connecting the antigen receptor to the tyrosine phosphor-
ylation pathway in the cell. However, expression of additional
co-receptors and signalling effectors is important for the reg-
ulation and transmission of exact signals, leading to a non-
autoreactive, plasma cell or memory cell compartment. It is not
yet clear whether the cytoplasmic tails of the immunoglobulin
molecules or the cytoplasmic tails of the coat proteins or both
tails together are necessary for transducing these signals. It has
become clear that BCR-mediated signalling at different matura-
tional stages has distinct biological consequences. However,
there are very few data defining the biochemical linkage of Iga/
IgB/mlg-mediated signals to these unique biological responses.
Therefore, a pressing challenge for future research lies in
unravelling the differences in these pathways and identifying
operative effectors.
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