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Chapter I. General Introduction
The human immune system has developed to recognize and remove foreign particles of
invading organisms as well as to destroy the organisms themselves. There are two parts
to this response, the innate response and the adaptive response. In the innate response
macrophages and neutrophils, recognize, engulf and digest microorganisms, providing
the first line of non-specific defense against invading organisms. Dendritic cells can also
recognize and ingest pathogens and take up antigen by phagocytosis or nonspecifically by
macropinocytosis. Natural killer cells are also part of the innate immune response. They
lack antigen specific receptors but can kill tumor cells and cells infected with certain
pathogens. The adaptive immune response involves B and T cells responding
specifically and selectively to a wide variety of foreign antigens. The adaptive immune
response also leads to lasting immunological memory, which provides increased
protection against subsequent re-infection with the same pathogen. These two
mechanisms are not completely separated, but interactive. For instance, macrophages
that have phagocytosed bacteria or dendritic cells that have taken up antigen specifically
or nonspecifically can present antigen to naive T cells, and thus activate them. Natural
killer cells secrete interferon-γ, which helps activate helper T cells. Antibodies produced
by B cells can opsonize a pathogen to facilitate phagocytosis and activate the
complement system.

1.1 B cells
B cells are one of the lymphocytes of the immune system, along with T cells and natural
killer cells, and are an important component of adaptive immunity. Their main function
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is to produce and secrete soluble antibodies that recognize foreign antigens. Mammalian
B cells develop from lymphoid progenitors in the bone marrow. Immature B cells leave
the bone marrow and travel to the secondary lymphoid tissues which provide survival
signals through BAFF (B cell activating factor belonging to the tumor necrosis factor
family) and BAFF receptor interactions [1]. If they survive, these cells further develop
into mature B cells. Mature B cells circulate in the blood stream and the lymphatic
system and return to the secondary lymphoid tissues, where encounter with and
presentation of foreign antigens occurs. Each B cell expresses antigen receptors (which
are membrane-bound versions of its secreted antibody) are specific for a particular
foreign antigen, and initiates B cell activation upon encountering the appropriate foreign
antigen. Even though each B cell produces an antibody specific for one foreign antigen,
mammals express a very large repertoire of antibodies. One method that leads to this
diversity of antigen binding is the mechanism of somatic recombination of the
immunoglobulin (Ig) genes which code for the proteins that make up both the membrane
bound antigen receptor and the soluble antibody. There are multiple copies of each gene
segment (V and J for light chains and V, J and D for heavy chains), and one gene
segment of each type are randomly selected to create the variable region of the Ig [2].
Different combinations of the gene segments lead to diversity of the antigen binding
region. There are sequence motifs known as recombination signal sequences (RSS) that
are found adjacent to the V, D or J gene segments. RRSs consist of a heptamer of
conserved nucleotides, a spacer that is 12 or 23 nucleotides, and a nonamer of conserved
nucleotides. A gene segment that has an RSS with a 12 base pair spacer usually can only
join with a gene segment that has an RSS with a 23 base pair spacer, which is known as
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the 12/23 rule. Therefore, normally recombination can only occur so that a V gene
segment joins to a D gene segment which joins to a J gene segment (for the heavy chain).
It has been shown that sometimes this regulation is bypassed. In many species there are
instances of a D segment joining another D segment. This unusual occurrence also leads
to more diversity. During the process of recombination, proteins encoded by the
recombination-activating genes (RAG-1 and RAG-2) [3] form complexes which bind to a
12 or 23 base pair spacer, which is how the 12/23 rule is accomplished. These protein
complexes then bind to each other, which brings the gene segments in proximity. The
DNA just beyond the gene segment is cleaved and hairpin structures are created. The
DNA hairpins are then cleaved and subsequently the ends of the gene segments are joined
together. Importantly, after the hairpins are cleaved and before the gene segments are
joined together, additional nucleotides may be added or subtracted [4]. These nucleotides
are called P-nucleotides when they are palindromic sequences at the end of the gene
segment that are created by the cleavage of the hairpin. Nucleotides that are added to the
single stranded DNA after hairpin cleavage are called N-nucleotides because they are
nontemplate-encoded. Nonmatching bases are removed, complimentary nucleotides are
added, and ligation leads to a coding joint between the gene segments. The nucleotides
are added or deleted randomly, thus leading to a unique section of DNA sequence, which
is yet another way that diversity of the variable region is generated. Somatic
recombination occurs for both heavy and light chain genes in each B cell. The heavy and
light chain proteins assemble to form the immunoglobulin, and each of their variable
regions contributes to the specificity of the antigen binding site, thus leading to yet
another way diversity is achieved. In the presence of T cell help, activation of a B cell
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also leads to somatic hypermutation in the germinal center. This occurs after gene
rearrangement, and point mutations occur in the V regions of heavy and light chain genes
[5, 6]. These mutations occur at a high rate, and lead to expression of B cell receptors
that are somewhat different than the original receptor. Only B cells express antigen
receptors with a higher affinity for antigen will be selected to survive and differentiate
into plasma cells. This process of selecting B cells with “improved” receptors is known
as affinity maturation. Somatic hypermutation is yet another mechanism that leads to the
large diversity of the antibody repertoire. The combination of all these mechanisms
allows for the production of ~1011 unique antibody molecules in a human [7].

1.2 The B cell antigen receptor
The B cell antigen receptor (BCR) complex consists of two parts: the membrane
immunoglobulin (mIg) which binds antigen and the Igα/Ιgβ heterodimer (Igα/Ιgβ) which
transduces signals. Igα/Ιgβ and mIg non-covalently associate with each other in the
endoplasmic reticulum and continue to associate as they are transported to the cell
surface, and this association is required for the surface expression of the BCR. The mIg
of the BCR is composed of two identical heavy chains and two identical light chains (Fig.
1-1). Each light chain is bound to a heavy chain by disulfide bonds, and two heavy
chains are bound to each other by disulfide bonds. Both heavy and light chains have
constant and variable regions. The variable regions of the heavy and light chain interact
to form the antigen binding site. This allows each BCR molecule to have a unique
specificity for antigen and to bind two identical ligands at its N-terminal regions at the
same time. The heavy chains of mIgs have a transmembrane segment and a cytoplasmic
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Figure 1-1. The B cell receptor complex.

(A) The structure of the mIg. (B) The complete BCR, including the Igα/Igβ
heterodimer. Initially it was thought that there was a heterodimer associated with each
heavy chain of the mIg. Recent work has shown that only one heterodimer associates
with one mIg. (B) It is still unknown whether each member of the heterodimer associates
with a single heavy chain or (C) if Igα associates with both heavy chains simultaneously.
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tail. The transmembrane portion contains many polar amino acids, which are important
for its interaction with Igα/Ιgβ. The cytoplasmic tail of the mIg varies based on the
isotype, but for IgM and IgD, the two isotypes found on naïve mature B cells, they are
quite short, being only 3 amino acids long and do not appear to be able to transduce
signal.

Igα/Igβ and the mIg associate non-covalently, and their transmembrane domains seem to
be crucial to this association. Shaw et al demonstrated that when human µ chain DNA
which has a double mutation in the transmembrane domain (YS/VV) is transfected into a
murine lymphoma cell line, mIgM are expressed on the surface. They examined signal
transduction capability by measuring Ca2+ influx, and found that the YS/VV mIgM had a
great defect in Ca2+ response compared to the wt transfected mIgM [8]. Other studies
using this same cell system confirmed that the YS/VV mIgM had a defect in signaling
and also showed that YS/VV mIgM failed to associate with Igα/Igβ as wt mIgM did [9,
10]. Other researchers who transfected murine DNA into a different murine cell line
demonstrated that YS/VV mIgM had a defect in signaling, measured by protein tyrosine
phosphorylation and inositol production as well as Ca2+ influx. They also showed that
YS/VV mIgM had a greatly reduced association with Igα/Igβ compared to wt transfected
mIgM [11].

As mentioned, the transmembrane domain of the mIg contains many hydrophilic residues
[12]. Igα also contains many hydrophilic residues on both sides of its putative α-helix
transmembrane domain, while Igβ only has hydrophilic residues on one side [12]. This
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implies that Igα is in the middle of a mIg heavy chain/Igα/Igβ complex. Since there are
two heavy chains, it was initially thought that there would be an Igα/Igβ associated with
each heavy chain. Recent work by Schamel and Reth [13] to determine the stoichiometry
of the BCR showed that there is only one Igα/Igβ heterodimer associated with each mIg.
Schamel and Reth expressed FLAG epitope-tagged Igα proteins in a variant of the J558L
B cell line that already expressed a complete transfected BCR, including an untagged
Igα. The tagged and untagged Igαs could be differentiated on immunoblots based on
molecular weight and by antibodies against the epitope tag. This allowed Schamel and
Reth to observe whether one BCR complex contained both tagged and untagged Igα.
After solubilizing the cells and isolating the BCRs by binding to its known antigen, the
BCRs were then immunoprecipitated first using anti-FLAG antibodies and then anti-µ
antibodies. The BCRs that were immunoprecipitated using anti-FLAG antibodies were
found to only have FLAG-tagged Igαs. The supernatant from the previous
immunoprecipitation was then used to immunoprecipitate BCRs using anti-µ antibodies.
These BCRs were found to only contain untagged Igαs. The same results were obtained
with an HA-tagged Igα or cells expressing both FLAG and HA-tagged Igαs. Sequential
immunoprecipitation showed that only one type of Igα protein was found in the BCRs.
Schamel and Reth further assessed the stoichiometry of the BCR complex by
radiolabeling the BCR-expressing J558L cells, and determining the relative amounts of
radioactivity of the IgH, IgL, Igα and Igβ in isolated BCR complexes. These results
indicated that each BCR contained only one Igα/Igβ [13]. The question that remains to
be answered is how the subunits of the BCR complex are arranged (Fig. 1-1B, C, and D).
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1.3 Structure of the Igα/Igβ heterodimer
Each subunit of the Igα/Ιgβ heterodimer has an N-terminal Ig-like extracellular domain, a
single transmembrane domain, and a moderate size cytoplasmic domain (61 and 48
amino acids respectively) [12]. Igα and Igβ are the products of the mb-1 [14, 15] and
B29 [16, 17] genes, respectively, and are also known as CD79a and CD79b. The Igα/Igβ
proteins were discovered in a transfection experiment with a myeloma cell line (J558L)
lacking µ chain. When J558L was transfected with a vector containing DNA of
membrane µ chain, complete mIgM molecules assembled in the endoplasmic reticulum
of the J558Lµm cells, but were not transported to the surface [18, 19]. A variant of the
J558Lµm cells (J558Lµm3) was found to transport mIgM to the surface. In these cells,
the mIgMs were found to be non-covalently associated with a disulfide-linked
heterodimer of 34 kDa and 39 kDa glycoproteins [20, 21]. These molecules were not
found in the original J558Lµm cells. This demonstrated that these proteins were required
for transport of mIgM to the cell surface. These proteins were later named Igα and Igβ.
The Igα/Igβ heterodimer has now been found to associate with the membrane bound
forms of all five Ig classes [22].

The Igα and Igβ cytoplasmic tails each contain a consensus motif known as an
immunoreceptor tyrosine-based activation motif (ITAM) (Fig. 1-2). The ITAM consists
of two negatively charged amino acids and two tyrosines followed by either a leucine or
an isoleucine residue (D/EX7D/EXXYXX-LX7YXXL/I) [23]. This motif is also found in
the cytoplasmic portion of the CD3 ζ, γ, δ components of the T cell receptor complex
[24] and the Fc receptor gamma chain [25]. Igα/Igβ has been found to be the signaling
9

Figure 1-2. The structure of the Igα/Igβ heterodimer.

Each member of the heterodimer consists of an extracellular, transmembrane and
cytoplasmic domain. The transmembrane domain contains many hydrophilic amino
acids which are thought to be important in the association with the mIg. The cytoplasmic
domain contains the immunoreceptor tyrosine activation motifs (ITAMs) which are
involved in signaling. It also contains the putative sorting signals (YXXΦ, where X
stands for any amino acid and Φ stands for an amino acid with a bulky hydrophobic side
chain).
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component of the BCR complex, as will be discussed in a later section. Another
interesting aspect of the ITAMs is that their key element, YXXL/I, is also a putative
sorting signal. The tyrosine-based YXXφ sorting signal (X stands for any amino acid and
φ stands for an amino acid with a bulky hydrophobic side chain) is found in many
transmembrane proteins, such as mannose 6-phosphate receptors, transferrin receptor,
lysosomal associated membrane protein-1 (LAMP-1), and HLA-DM, and has been
shown to mediate internalization from the plasma membrane as well as the targeting of
proteins to particular endosomal compartments [26-29]. In the ITAMs of Igα and Igβ
there are two potential YXXΦ sorting signals, one at each tyrosine (Fig. 1-2), but these
have not yet been proven to be actual sorting signals.

1.4 Signaling through the BCR
Binding of the BCR by multivalent antigen causes receptor aggregation and leads to
activation of many effector molecules, which initiate signaling within the B cell. The
first step after aggregation is phosphorylation of the ITAM tyrosine residues on Igα and
Igβ. This is accomplished by protein tyrosine kinases (PTKs), particularly the src-family
kinases such as Lyn, Fyn, Blk, or Lck [30]. These PTKs are anchored in the plasma
membrane due to acylation, and they have an N-terminal region that interacts with the
non-phosphorylated ITAMs of resting BCR (Fig. 1-3) [31, 32]. This interaction is
enhanced due the fact that ligand-aggregated BCRs move into glycosphingolipid-rich
microdomains of the plasma membrane, known as lipid rafts [33-36]. It has been shown
that these rafts also have increased concentrations of PTKs, which can then easily
phosphorylate the BCRs that have moved into the raft [37].
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Figure 1-3. The BCR signaling cascade.

Initially src-family protein tyrosine kinases phosphorylate the ITAM tyrosine residues on
Igα/Igβ. This allows Syk to associate with these phosphorylated residues via its SH2
domain. This activates Syk, which then activates BLNK which recruits PLCγ2.
Activation of PI3K by Lyn allows PI3K to activate PI(3,4,5)P3, which activates Btk,
which in turn activates PLCγ2. PLCγ2 then cleaves PI(4,5)P2 into inositol triphosphate
(IP3) and diacylglycerol (DAG). IP3 releases of Ca2+ from intracellular and extracellular
stores which activates transcription factors such as NF-κB and N-FAT by protein kinase
C (PKC) and Ca2+-calmodulin. DAG and Ca2+ activate PKCs which then regulate the
mitogen activated protein kinase (MAPK) family. The Rac and Ras MAPK pathways are
activated by Vav, a guanine exchange factor, and GRB2/SOS, respectively, which
associate with phosphorylated BLNK. Shown in this figure are important members of the
MAPK family: extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase
(JNK) and p38 MAPK. Once activated, each kinase targets particular transcription
factors which it phosphorylates and therefore activates: ERK activates Elk-1 and cMyc,
JNK activates c-Jun and ATF-2, and p38 MAPK activates ATF-2 and MAX. These
transcription factors, along with NF-κB and N-FAT, bind to the promoter regions of
genes and leads to their transcription.
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The first phosphorylation of the ITAMs is achieved by the PTKs independent of their Src
homology 2 (SH2) domains, which bind phosphorylated tyrosine residues. The binding
of the src-family kinase SH2 domains to the phosphorylated ITAMs amplifies ITAM
phosphorylation, which leads to the recruitment and activation of other effector
molecules [38]. One of these recruited effector molecules is the cytosolic tyrosine kinase
Syk. It too can bind to the ITAMs through its two SH2 domains, provided both tyrosines
of the ITAM are phosphorylated [39]. This binding results in the activation of Syk which
leads to the initiation of several different signaling pathways. One way Syk does this is
by phosphorylating the adaptor molecule B cell linker protein (BLNK), which recruits
phospholipase C gamma 2 (PLCγ2) from the cytosol through PLCγ2’s SH2 domain [4042].

BCR aggregation also results in the phosphorylation of the BCR co-receptor molecule
CD19 by Lyn. This creates binding sites for the SH2 domains of phosphatidylinositol-3kinase (PI-3K), which in turn activates PI-3K [43-46].

PI-3K then phosphorylates

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), producing phosphatidylinositol 3,4,5triphosphate (PI(3,4,5)P3). PI(3,4,5)P3 recruits Btk via its PH-domain, which activates
Btk [47, 48].

After Lyn, Syk, and Btk are activated, signaling is propagated through many effector
molecules. As mentioned above, PLCγ2 is recruited to the plasma membrane by BLNK,
but it must be phosphorylated by Syk and Btk for optimal activation [49-51]. Once
activated, PLCγ2 cleaves PI(4,5)P2 into the secondary messengers inositol triphosphate
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(IP3) and diacylglycerol (DAG). IP3 allows for the release of Ca2+ from intracellular and
extracellular stores. This is required for the activation of transcription factors such as
NF-κB and N-FAT by protein kinase C (PKC) and Ca2+-calmodulin [52-54]. DAG
activates PKCs which then regulate the mitogen activated protein kinase (MAPK) family.
The Rac and Ras MAPK pathways are activated by Vav, a guanine exchange factor, and
GRB2/SOS, respectively, which associate with phosphorylated BLNK. Important
members of the MAPK family are extracellular signal-regulated kinase (ERK), c-Jun
NH2-terminal kinase (JNK) and p38 MAPK [55, 56]. Once activated, each kinase targets
particular transcription factors which it phosphorylates and therefore activates. ERK
activates Elk-1 and cMyc, JNK activates c-Jun and ATF-2, and p38 MAPK activates
ATF-2 and MAX [56]. These transcription factors, along with NF-κB and N-FAT, bind
to the promoter regions of genes whose transcription leads to activation, anergy or
apoptosis of the cell.

1.5 Igα/Igβ are the signaling components of the BCR
Igα/Igβ is essential for the BCR signaling function. When the C-terminal region
(transmembrane and cytoplasmic domains) of the µ heavy chain is replaced by the same
regions of other proteins, such as CD8, or the cytoplasmic tail is deleted, the mIgM is
expressed on the surface without association with Igα/Igβ [9, 57-59]. These mIgMs are
not able to initiate tyrosine phosphorylation of cytoplasmic proteins or increase
intracellular Ca2+ concentrations upon BCR crosslinking. Additionally, chimeric proteins
of the extracellular and transmembrane domains of mIgM and the cytoplasmic tails of
Igα and Igβ were able to activate Ca2+ flux and phosphorylation of proteins [60].
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Membrane IgM with mutations in the transmembrane domain, which do not associate
with Igα/Igβ well or at all, have corresponding problems with signaling [9, 61]. One
particular mutation in the hydrophilic region of the transmembrane domain which
changes adjacent tyrosine and serine residues to valines (YS/VV), has been studied
extensively [9-11]. This mutation in murine µ chain has been shown to have decreased
association with Igα/Igβ and reduced signal transduction [11]. The decreased signaling
was characterized by decreased tyrosine phosphorylation, decreased inositol phosphate
production and a smaller increase in Ca2+ influx. Other studies showed that the ITAMs
of Igα and Igβ are required for optimal signaling and have similar abilities to the whole
cytoplasmic tails of Igα and Igβ to trigger tyrosine kinase activation [62-64]. It was also
shown that when the tyrosines of the ITAMs are mutated, signaling is greatly decreased,
indicating that these residues are important for optimal signaling [62-65].

1.6 The importance of Igα/Igβ signaling in development and survival of B cells
During B cell development, Igα/Igβ heterodimer is found to express as early as the pro-B
cell stage. Igα/Igβ on the surface of pro-B cells has been shown to associate with
calnexin [66] and to be able to generate signals, as measured by induction of tyrosine
phosphorylation of cellular proteins [67]. The crucial role of Igα/Igβ at the
developmental stage from the pro-B cells to the pre-B cell stage has been demonstrated
both in human and mouse. A human patient carrying a mutation that prevents Igα
expression lacked pre-B, immature, and mature B cells [68]. B cells of mice with either
Igα or Igβ gene knocked out do not progress past the pro-B cell stage [69, 70]. Studies
using transgenic mice that express chimeras containing the extracellular and
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transmembrane domains of IgM and the cytoplasmic domains of Igα or Igβ showed that
the cytoplasmic tail of either Igα or Igβ was capable of inducing the pro- to pre-B cell
transition independently [71, 72]. Kraus et al demonstrated that the Igα ITAM tyrosines
are important for the pro- to pre-B cell transition [73]. They generated transgenic mice in
which the Igα ITAM tyrosines were replaced with phenylalinines, and the
Igβ cytoplasmic tail was deleted. In these mice, B cell development was completely
blocked at the pro-B cell stage.

Igα/Igβ is a part of the pre-BCR complex, which includes the membrane bound µ chains
and surrogate light chains [74]. Interestingly, since this pre-BCR contains a surrogate
light chain that is not polymorphic, the pre-BCR cannot bind conventional antigens, yet it
has been shown to induce signals [75, 76]. This antigen-independent signaling is called
tonic signaling. Although there are possible unconventional antigens for the pre-BCR
[77], the results of several studies indicate that the specificity of the pre-BCR is not
important for development beyond this stage [78-80]. It is possible that the extracellular
domains of Igα/Igβ were involved in ligand binding and signaling triggering that induced
the development of the B cells. Bannish et al. established a chimeric protein (MAHB)
that consisted of the cytoplasmic tails of Igα and Igβ and the Lck
myristoylation/palmitoylation sequence, which allowed to target the signaling
components to the inner leaflet of the plasma membrane without having extracellular or
transmembrane domains that may interact with ligand. [81]. B cells in the transgenic
mice expressing these chimeric proteins had did progress beyond pre-B cells and had
tonic signal induction that was comparable to basal signaling by unligated wt BCR. This
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study showed that the only requirement for tonic signaling is the expression of Igα/Igβ at
the plasma membrane. Another study showed that although many pre-BCR complexes
are assembled in the ER, these complexes are not signal competent and cannot initiate
development unless transported to the cell surface [82]. It has been shown in chickens
that the Igα cytoplasmic tail is necessary and sufficient to initiate development beyond
the pre-B cell stage [83]. Signaling induced by Igα/Igβ appears to be important for
development. In the transgenic mice that expressed the MAHB chimeric protein, the
development of the B cells was blocked if the ITAM tyrosines of Igα were mutated to
phenylalinines [81]. In chickens, if Igβ was not present, B cell development only
proceeded when the ITAM tyrosines of Igα were intact [83]. Thus signaling mediated by
Igα/Igβ is important at this stage of development.

In mature B cells, it has been shown that after antigen-aggregated BCRs move into lipid
raft domains, signaling is initiated [37]. Since it was observed that 20-30% of pre-BCR
is in lipid rafts [84], it was thought that this may be one way that tonic signaling is
generated, since it does not appear to be due to ligand-induced aggregation. A study
utilizing the MAHB chimeric protein which was altered so that one form would target to
lipid rafts while another form would target to nonraft compartment showed that the preBCR does not need to be localized to lipid rafts in order for tonic signaling or B cell
development to occur [85].

Igα/Igβ is important for later stages of B cell development and B cell functions as well.
B cells expressing BCRs containing two Igα cytoplasmic tails but no Igβ do develop to
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mature B cells but are anergic [86]. A study using transgenic mice showed that only B
cells expressing chimeras consisting of both Igα and Igβ developed to mature B cells and
were activated at the same level as B cells expressing wt BCR [87]. Mice which lack
most of the Igα cytoplasmic tail do not generate the a peripheral B cell pool as those with
wt BCRs [88]. Early studies showed that a lack of BCR expression leads to cell death
[89], and signaling can occur through the BCR in the absence of antigen [90]. A more
recent study, using inducible ablation of the ITAM coding region of the Igα gene, has
clarified that it is the signaling through the BCR that is necessary for the survival of
peripheral B cells [91]. A similar study using mutated Igβ showed like results [92]. A
recent study using a B cell lymphoma cell line found that after crosslinking of the BCR,
most of the mIg was internalized while 20-30% of Igβ remained on the surface [93].
These researchers speculated that the signaling component may be needed to remain on
the surface in order to maintain the activation state and survival of the cell. Thus tonic
signaling through the BCR appears to be important for B cell survival, but it is not clear
yet how, and whether the effect is direct or indirect. The data accumulated so far
demonstrated that Igα/Igβ generated the tonic signaling are necessary for proper
development of B cells from pro-B cells to mature B cells and survival of peripheral B
cells.

1.7 Internalization of the BCR and processing and presentation of antigen
The BCR is constitutively internalized at a low rate in the absence of ligand binding.
This constitutive internalization is dependent on the ITAM of the Igα/Igβ [94]. These
unligated BCRs have been shown to recycle through the early endosomes and return to
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the cell surface [95]. Cross-linking the BCR via ligand binding leads to movement of the
BCR into lipid rafts and the rearrangement of the actin cytoskeleton [36, 96, 97] and this
appears to greatly enhance the internalization of the BCR. The cytoskeleton has been
shown to be essential for BCR endocytosis and trafficking [98].

Cross-linking the BCR also leads to rapid trafficking through the endocytic pathway from
early endosomes (EE) to late endosomes (LE) and finally to specialized MHC class IIcontaining compartments (MIIC) (Fig. 1-4) [97, 99]. In EE internalized proteins either
move back to the cell surface (e.g. transferrin receptor or unligated BCR) or on to the LE
[100, 101]. The low pH of endosomes allows for disassociation of proteins as well as
activation of enzymes necessary for protein degradation. Both LE and lysosomes also
contain lysosomal associated membrane protein-1 (LAMP-1), which is commonly used
as a marker for LE and lysosomes.

The MIIC vesicles resemble LE and pre-lysosomes in that they are LAMP-1+, acidic and
contain enzymes for protein fragmentation, such as cathespins and thiol reductases [102104]. Morphologically they appear as multivesicular or multilaminar vesicles. These
internal vesicles have been shown to contain the majority of endocytosed antigenaggregated receptor complexes and are rich in MHC class II [105].

The MHC class II molecules are assembled in the endoplasmic reticulum (ER) along with
trimers of invariant chain (Ii). The N-terminal region of Ii is called CLIP, and it resides
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Figure 1-4. The internalization and trafficking of the BCR and the processing and
presentation of antigen.

BCRs crosslinked by antigen are internalized into early endosomes and trafficked to late
endosomes and then MIIC vesicles. MHCII molecules are assembled in the endoplasmic
reticulum and are transported to the MIIC vesicles, where processed antigen is loaded
into the peptide groove. The MHCII:peptide complexes are then transported to the cell
surface to be presented to T cells.
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in the antigen-binding groove of the MHC class II. The C-terminal region of Ii is
anchored in the membrane and contains a di-leucine trafficking motif that targets the
molecules to LE [106-111]. In the MIIC cathepsin S degrades Ii until only CLIP remains
in the MHC class II groove [112]. CLIP is exchanged for antigenic peptide through the
action of a MHC class II-like molecule H2-M (HLA-DM in humans) [113-117]. Another
MHC class II-like molecule, H2-O (HLA-DO in humans) associates with H2-M. Its role
is not known, but it is thought that it may regulate H2-M and peptide loading in a pHdependent manner [118, 119]. This would ensure that only peptides from antigens that
reach late endosomes will be loaded onto the MHC class II. Once the peptide is loaded
onto the MHC class II, these MHC class II:peptide complexes are rapidly exported to the
cell surface to be displayed for T cells.

1.8 The importance of the Igα/Igβ heterodimer in internalization of the BCR and
antigen processing and presentation
Previous studies have indicated the importance of Igα/Igβ in BCR-mediated antigen
processing and presentation. First, it is important to note that the complete BCR,
including the Igα/Igβ heterodimer, has been shown to move through the endocytic
pathway after antigen binding [120]. The Igα/Igβ heterodimer does not dissociate from
the mIg in EE, suggesting that it is necessary for the proper trafficking of the BCR and
antigen to the MIIC compartment. The µ(YS/VV) mutant, which has decreased
association with Igα/Igβ, has also been shown to have a greatly reduced ability to
facilitate antigen presentation [10]. Patel and Neuberger studied a mIgM mutant which
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had extensive changes in its transmembrane domain. This mutant was transported to the
surface without associating with Igα/Igβ, and did not associate with Igα/Igβ even when
co-expressed in the same cell. This mutant was found to have a greatly reduced ability to
facilitate antigen presentation, which was restored when the cytoplasmic tail of Igβ was
added to the mutated mIgM [94].

Thus, Igα and Igβ appeared to be important for antigen presentation, but the reason for
this ability to facilitate antigen presentation was not clear. Several studies suggest
Igα/Igβ is important to proper intracellular trafficking of antigen. Bonnerot et al. showed
using immunofluorescence microscopy that FcR-Igα chimeras, which are fusion proteins
of FcR extracellular and transmembrane domain and Igα cytoplasmic tail, target antigen
to MHC class II-rich compartments, but FcR-Igβ chimeras appear to target to recycled
MHC class II molecules [121]. Lankar et al. examined FCR-Igα and FcR-Igβ chimeras
and found that FcR-Igα was able to facilitate presentation of cryptic epitopes [122]. Li et
al. used platelet-derived growth factor receptor-Igα or Igβ chimeras to study the role of
the cytoplasmic tails of each molecule in trafficking of the BCR. They showed that Igβ
alone causes the BCR to move rapidly through the endocytic pathway to the lysosomes.
Igα alone also moves to the lysosomes, but more slowly. When both cytoplasmic tails
are expressed the BCR moves quickly to the antigen loading compartments [123].
Siemasko et al. used an immunofluorescence assay to observe the fusion of LAMP-1containing late endosomes into multivesicular MIIC. They found, also using plateletderived growth factor receptor-Igα/Igβ chimeras, that Igα/Igβ is actually required for this
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fusion to occur [124]. Thus, Igα/Igβ appears to be important for proper antigen
trafficking and presentation.

1.9 The relationship between BCR signaling and antigen processing and
presentation
Recent evidence indicates that the signaling function of the BCR is also important for the
efficiency of antigen trafficking and presentation. Previous studies have demonstrated
that crosslinking the BCR with multivalent antigen, which initiates signaling, not only
increases the rate and amount of internalization, but also the rate of transport of BCR to
peptide loading compartments [97]. Pure and Tardelli showed that tyrosine kinase
inhibitors that block BCR signaling also block ligand-induced internalization of the mIg
[125]. Wagle et al demonstrated that tyrosine kinase inhibitors that block BCR signaling
reduce BCR-mediated antigen internalization, decrease the accelerated transport of
antigen to the MIICs and inhibit antigen presentation [126]. Overexpression of a
dominant negative mutant of the tyrosine kinase Syk decreases antigen presentation
[122]. Several studies have demonstrated that the tyrosines of the ITAM of Igα are
necessary for efficient antigen processing and presentation. Cassard et al. showed that a
mutation of one of the tyrosines prevents constitutive internalization of the BCR [95].
Lankar et al used FcR-Igα chimeras with mutations of the two ITAM tyrosines and found
that both are required for optimum presentation of antigen [122]. Siemasko et al [124]
studied a chimera that contained a wt Igβ cytoplasmic tail and an Igα cytoplasmic tail
with both ITAM tyrosines mutated. They showed that this chimera had decreased
internalization and antigen presentation compared to a chimera with a wt Igα and Igβ.
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Interestingly, cells expressing the chimera with the mutated tyrosines did not have
aggregation of LAMP-1+ compartments, whereas the wt chimera did. This aggregation is
known to be an important event in efficient presentation of antigen [127], and it appears
the tyrosines of the Igα ITAM are necessary for it to occur. Previous work in our lab
shows that crosslinking the BCR induces the tyrosine phosphorylation of clathrin in lipid
rafts and the recruitment of clathrin to the cell surface and BCR-containing vesicles
[128]. Recruitment and phosphorylation of clathrin is a necessary step in BCR
internalization. Thus, the signaling function of Igα/Igβ appears to be important for the
occurrence and efficiency of antigen processing and presentation.

1.10 Statement of purpose
The purpose of this work is to examine the mechanism of the regulation of BCR
internalization and transport within the cell. In the second chapter I characterized the
effects of the dissociation of the ligand-binding mIgM from the signaling Igα/Igβ. I
discovered that their association is required for efficient internalization and transport of
the mIgM to the MIIC. In chapter three I studied the role of the tyrosines and the
putative internalization motifs of the ITAM of Igα in internalization and transport of
BCR. I determined that both tyrosines are essential for optimal internalization and
transport of the BCR to MIICs, but that one tyrosine perhaps has a dominant role. I was
not able to determine if the putative internalization motifs are actual targeting motifs. My
results as a whole demonstrate that the signaling induced by Igα/Igβ does have a role in
the regulation of efficient internalization of BCR and intracellular transport of BCR to the
MIIC.
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1.11 Significance
T cell-dependent antibody responses to protein antigens require that the protein antigens
are converted into peptides and the antigenic peptides are displayed in MHC class II
bound forms on the surface of B cells. B cells can uptake antigen through fluid-phase
pinocytosis, but this is a very inefficient method of presenting antigen compared to BCRmediated antigen presentation. To achieve the same level of antigen presentation with
fluid-phase pinocytosis as compared to BCR-internalized antigen requires 1,000 to
10,000 times more antigen [129]. Efficient antigen presentation is so important to
mounting an immune response because in the body antigen is usually found in low
concentrations. The BCR increases the efficiency of antigen processing and presentation
by increasing the kinetics and specificity of antigen capturing, uptaking and transporting
to the MIIC. Without the ability of BCR to internalize and present antigen at low
concentrations, a strong immune response may not occur. This dissertation will examine
the molecular mechanisms and regulation of BCR-mediated antigen processing

B cell activation requires two stages of signals. The first signal required for B cell
activation is the induction of the signaling cascade, which occurs after BCR is engaged
with multivalent signal and is initiated with the phosphorylation of the tyrosines of the
ITAMs of Igα/Igβ. The generation of the first stage of signal is regardless of whether the
antigen is a T cell-dependent antigen. For T cell-dependent antigen, antigen-specific T
cells provide a second activation signal, or for T cell-independent antigen, B cells will
receive the second activation signal through extensive crosslinking of BCRs by antigen
and through other receptors such as a Toll-like receptor. As discussed in the introduction
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section, Igα/Igβ has been shown to be important for the generation of both stages of
signals. Because Igα/Igβ contains the ITAM and putative trafficking motifs, it
potentially provides a coupling mechanism for two signaling events. This study
examined the role of the Igα/Igβ heterodimer in BCR-mediated antigen uptake and
transport to antigen processing compartments. I examined the effect of perturbing the
interaction of mIg with Igα/Igβ and mutations of the Igα ITAM motif on the signaling
and antigen transport functions of the BCR.

This study will add to our understanding of how B cells efficiently process and present
antigens and how BCR-mediated signaling regulates these activities. Increasing our
knowledge of the regulation of antigen processing and presentation in B cells at a
molecular level could provide new strategies to manipulate or control these processes.
This will allow for development of improved vaccines or therapeutics to reduce antibody
production, such as for autoimmune diseases.
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Chapter II: Destabilization of the B cell antigen receptor blocks
signaling and antigen targeting
2.1 Abstract
The binding of antigens to the B cell antigen receptor (BCR) results in the initiation of
signaling cascades and the internalization of the antigens for processing and presentation.
Recent studies by others [130-132] indicate that antigen binding destabilizes the BCR as
a mechanism to down regulate B cell responses. Two point mutations in the
transmembrane domain of mouse mIgM (YS to VV) weaken the interaction of mIgM
with Igα/Igβ heterodimer, resulting in a destabilized BCR. Here we show that µYS/VV
BCR is defective in signaling and does not target antigens to late endocytic compartments
for processing and presentation. Significantly, coligation of the µYS/VV BCR with an
endogenous wild type IgG2a BCR interferes with both signaling and antigen-targeting
functions of the endogenous BCR. Thus, the destabilized BCR has a dominant effect,
down regulating the function of stable wild type BCR. The ability of the destabilized
BCR to influence the stable BCR may play an important role in turning off B cell
responses for antigen-driven anergy and tolerance.

2.2 Introduction
The B cell antigen receptor (BCR) plays two major roles in B cell activation: transducing
signals for initiation of signaling cascades and internalizing antigen for antigen
processing and presentation. Both BCR signaling and BCR-mediated antigen processing
and presentation are required for the induction of T cell-dependent antibody responses
and the generation of memory B cells. In mature resting B cells, the binding of antigens
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to the BCR initiates signaling cascades to promote B cells to enter the cell cycle [30, 133,
134]. Subsequently, the BCR internalizes the antigen and delivers it to an endocytic
compartment that contains both newly synthesized major histocompatibility complexes
(MHC) class II and DM, a class II-like molecule that catalyzes peptide exchanges, for
processing and peptide-loading [97, 99, 135]. This compartment has been termed an
MHC class II-containing compartment (MIIC). The resulting class II-peptide complexes
are presented on the surface of B cells for recognition of T helper cells [129, 136, 137].

The signaling and antigen-targeting functions of the BCR appear to be interrelated, and
the activation of the BCR increases the antigen-presenting ability of B cells by
accelerating the intracellular trafficking of the BCR and increasing the expression level of
co-stimulating molecules like B7 [138, 139]. Early studies showed that the BCR
constitutively internalizes and moves through the endocytic pathway at a low rate. Crosslinking the BCR, which initiates signaling cascades, increases the internalization rate and
accelerates the targeting of the BCR to the MIIC [97]. In B cell lymphoma A20 cells,
cross-linking the BCR has been shown to induce the redistribution and aggregation of
late endosomes [127]. Tyrosine kinase inhibitors that block BCR signaling inhibit the
accelerated antigen transport [125, 126], indicating that BCR-mediated signaling
regulates BCR-mediated antigen transport. The regulatory function of BCR-mediated
signaling is further demonstrated by B cells over-expressing the negative Syk mutant
where both BCR-mediated signaling and BCR-facilitated antigen presentation are
inhibited [122]. Thus, BCR signaling appears to modulate its antigen-targeting function
in order to coordinate B cell responses. Even though both the BCR signaling and
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trafficking pathways have been well characterized, how BCR signaling regulates BCRmediated antigen processing remains unclear.

The BCR is a multi-component complex consisting of membrane immunoglobulin (mIg)
and Igα/Igβ heterodimer (Igα/Igβ) [12]. Membrane Ig serves as the ligand-binding
domain for BCR. Igα/Igβ that contains immunoreceptor tyrosine-based activation motifs
(ITAMs) provides the BCR with signaling transducing ability. Besides its signaling
function, Igα/Igβ has been shown to play important roles in BCR-mediated antigen
processing. A mutated human-murine chimeric mIgM that lacks association with
Igα/Igβ is able to internalize antigens, but fails to facilitate antigen processing [8, 10],
indicating an essential role of Igα/Igβ in BCR-mediated antigen processing. FcR
chimeric proteins containing the cytoplasmic tail of either Igα or Igβ all can internalize
antigens. However, the internalization of antigens by the FcR-chimera containing the
cytoplasmic tail of Igα but not Igβ leads to the presentation of cryptic epitopes [121],
suggesting that the cytoplasmic tails of Igα and Igβ target antigens to different processing
compartments. Using chimeric proteins consisting of the extracellular and
transmembrane domains of the platelet-derived growth factor receptor, Siemasko et al.
[124] showed that only the chimera complex containing both Igα and Igβ chimeric
proteins can facilitate antigen processing to a level similar to the wild type (wt) BCR,
indicating that both Igα and Igβ are required for BCR-mediated antigen processing and
presentation.
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Igα/Igβ non-covalently associates with mIg. This non-covalent interaction bridges the
binding of antigens to the phosphorylation of cytoplasmic tails of Igα/Igβ and the
activation of signaling cascades. Vilen et al. [132] showed that the binding of moderateto low-affinity antigens to the BCR induces the disassociation of Igα/Igβ from mIg,
resulting in a destabilized receptor and the unresponsiveness of B cells to antigens [130132]. This indicates that the interaction of Igα/Igβ with mIg can be modulated by
antigen binding to induce the desensitization of the BCR, and suggests that destabilizing
the BCR is a mechanism to turn off B cell responses. Introducing mutations into the
transmembrane domain of mIg disrupts the interaction of Igα/Igβ with mIg and interferes
with signaling and antigen-processing functions of the BCR [8, 11]. Thus the mutated
BCR provides a model for the function of a destabilized BCR. Here, we analyzed the
function of a mouse mIgM containing two point mutations YS to VV that interfere with
the interaction between mIgM and Igα/Igβ. We studied the effects of the receptor’s
stability on both its signaling and antigen-targeting functions, and the effect of the
destabilized BCR on the functions of the coexpressed wt BCR. Our studies provide
evidence that the stability of the BCR complex is essential for both its signaling and
antigen-targeting functions, and the destabilized BCR interferes the function of the stable
BCR when they are coligated.
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2.3 Materials and Methods
Cell culture and antibodies
The B cell lymphoma, A20 IIA1.6, is an H-2d, IgM-, IgG2a+ and FcR- cell line. The A20
cells were cultured in DMEM supplemented as described [140] and containing 10% FCS.
The rat hybridoma 1D4B producing a LAMP-1-specific mAb was obtained from the
Development Studies Hybridoma Bank (Iowa City, IA). Goat antibodies specific for rat
IgG, mouse IgG+M (anti-IgG+M), rabbit anti-mouse µ (anti-µ), Fab fragment of goat
anti-mouse µ chain antibody (Fab-anti-µ), and their FITC and TRITC-conjugates were
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Tyrosine
phosphate-specific mAb, 4G10, was from Upstate Biotechnology (Waltham, MA). Light
chain, λ1- and γ2a-specific antibodies, and their TRITC-conjugates were from Southern
Biotechnology Associates Inc. (Birmingham, AL). Myoglobin and PP2 were purchased
from Sigma (St. Louis, MO).

Plasmid construction and transfection
Plasmid pµ containing a functionally rearranged genomic clone of the murine µ gene,
pµYS/VV that contains two point mutations in the transmembrane domain of mIgM, and
pRSVλ1 containing a gene that encodes murine λ1 light chain were kindly provided by
Dr. Anthony L. DeFranco at University of California, San Francisco [11]. The mutation
YS to VV was verified by DNA sequencing. Plasmids pµ and pRSVλ1 were
cotransfected into A20 cells by electroporation. Drug resistance was conferred to cell
lines by cotransfection with pSV2neo (Clontech Laboratories, Inc., Palo Alto CA) coding
for G418 resistance. Stable drug-resistant clones were selected in medium containing
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0.75 mg/ml G418. Drug-resistant clones were screened for expression of µ and λ1 by
flow cytometry.

Surface biotinylation
A20 cells were washed at 4°C with HBSS lacking phosphate and containing 20 mM Na
HEPES, pH 7.4, and incubated in the same buffer containing 0.2 mg/ml
sulfosuccinimidyl-6-(biotinamido)hexanoate (Pierce, Rockford, IL) for 15 min at 4°C.
After 15 min incubation, a freshly made biotin solution was added, and the incubation
was extended for another 15 min at 4°C. The cells then were washed with DMEM
containing 6 mg/ml BSA and 20 mM MOPS, pH 7.4 (DME/BSA) at 4oC and chased at
37oC for varying lengths of time.

Coimmunoprecipitation
Surface-biotinylated cells were lysed in 1% digitonin (Calbiochem, San Diego, CA) lysis
buffer (1% digitonin, 10 mM triethanolamine, pH 7.5, 150 mM NaCl, 1 mM EDTA) [20].
Membrane IgM was immunoprecipitated from the lysate using anti-µ antibody
conjugated to Agarose beads (Sigma, St. Louis, MO). The immunoprecipitates were
analyzed by SDS-PAGE and Western blotting. Biotinylated proteins were visualized
using HRP-conjugated streptavidin (HRP-streptavidin). The Igα in the anti-µ
immunoprecipitates was verified by blotting the same blot with anti-Igα antibody. The
amounts of the biotinylated Igα and µ-chain were quantified using densitometry and the
ratio of the biotinylated Igα to the biotinylated µ-chain at each time point was calculated.
The data were plotted as percentages of the ratio of the Igα to wtµ at time 0.
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Analysis of Tyrosine Phosphorylated Proteins
Cells were incubated with either anti-µ (20 µg/ml) or anti-γ2a (20 µg/ml) or anti-IgG+M
antibody (20 µg/ml) for 30 min at 4oC. The cells were then warmed to 37oC for 2 min.
Subsequently, the cells were rapidly centrifuged and lysed with lysis buffer (1% NP-40,
20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 1 mM Na3VO4,
and protease inhibitors). The cell lysates were analyzed by SDS-PAGE and Western
blotting. Blots were probed for the presence of phosphorylated tyrosines using a mAb,
4G10. Blots were visualized with ECL (NEN Life Science Products, Boston, MA).

Antigen presenting assay
Myoglobin conjugated to goat anti-mouse µ-chain antibody was generated as previously
described [141]. Briefly, myoglobin (Sigma, St. Louis, MO) was incubated at a 1:1
molar ratio with 2-iminothiolane HCl (Pierce, Rockford, IL) in a thiolation buffer (100
mM PO4, pH 8, 50 mM NaCl and 1 mM EDTA) for 30 min at 4oC. Thiolated myoglobin
was isolated using Thiopropyl Sepharose 6B beads (Amersham Pharmacia Biotech Inc.,
Piscataway, NJ). Goat anti-mouse µ-chain antibody was incubated with a 1:10 molar
ratio excess of LC-SPDP (Pierce, Rockford, IL) in a conjugation buffer (10 mM PO4, pH
8, 150 mM NaCl) for 45 min at room temperature. The reactive antibody was then
incubated with a 10:1 molar excess of thiolated myoglobin at room temperature
overnight. The myoglobin conjugate was purified using Centricon YM100 with 100 kDa
molecular weight cut-off (Millipore, Bedford, MA). The concentration of myoglobin in
the conjugate was determined using the optical density of myoglobin at 525 nm.

36

A20 cells expressing either wtµ or µYS/VV (5 x 104) as antigen-presenting cells and
myoglobin-specific T cell hybridoma (5 x 104) were co-cultured with graded doses of
myoglobin conjugated to the anti-µ antibody for 24 h. Culture supernatants were
removed and tested for their IL-2 content by the ability to maintain the growth of the IL2-dependent T cell line, CTLL [142]. The proliferation of CTLL was measured by
incorporation of [3H]thymidine. All assays were done in triplicate.

Internalization assay
Fab-anti-µ was iodinated to a specific activity of 1.0 to 1.5x107 cpm/µg [143]. More than
95% of the [125I]-Fab was precipitated by 10% trichloroacetic acid, indicating little or no
free 125I. Cells were incubated with [125I]Fab-anti-µ in the presence or absence of anti-µ
(20 µg/ml) or anti-γ2a (20µg/ml) or anti-IgG+M (20 µg/ml) antibody in DME/BSA on ice
for 1 h. After extensive washing at 4oC, the cells were chased at 37oC for varying lengths
of time. At the end of each time period, the incubation media were collected and counted
as the fraction of [125I]-Fab-anti-µ released from the cells. [125I]-Fab-anti-µ on the cell
surface was removed by incubating the cells in a low pH solution (20 mM HCl, 150 mM
NaCl) for 15 min on ice. [125I]-Fab-anti-µ associated with the cells after stripping was
counted as internalized. The radioactivity of released, surface, and internal fractions was
counted, calculated and expressed as percentages of the total radioactivity initially
associated with the cells.
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Immunofluorescence microscopy
To label mIgM, A20 cells were incubated with FITC-Fab-anti-µ for 40 min at 4oC on
polylysine-coated slides (Sigma, St. Louis, MO) in the presence or absence of anti-µ (20
µg/ml) or anti-γ2a (20µg/ml) or anti-IgG+M (20 µg/ml) antibody. To label mIgG2a, cells
were incubated with TRITC-anti-γ2a antibody at 4oC for 40 min. The cells were then
washed at 4oC and chased for varying lengths of time at 37oC. After the chase, the cells
were fixed by incubating them with 4% paraformaldehyde in PBS for 20 min. For
LAMP-1 staining, after the chase, cells were fixed and incubated with a permeabilization
buffer (5% FCS, 0.05% saponin, 10 mM glycine, 10 mM HEPES, pH 7.4) for 15 min.
They were then incubated with 1D4B mAb in the permeabilization buffer for 1 h,
washed, and incubated with TRITC-goat-anti-rat IgG for 30 min. The cells were washed,
post-fixed and mounted with Gel/Mount (Biomeda, Foster City, CA). Double
immunofluorescence analyses were carried out on a scanning laser confocal microscope
(Zeiss LSM 510). Images were acquired using a 100X oil immersion objective, and
cropped using Photoshop (Adobe, Mountain View, CA). Optical sections from the
middle of cells were selected.

2.4 Results
The mutation YS to VV destabilizes the BCR
We expressed a wild type (wtµ) or a mutated murine µ-chain in murine B cell lymphoma
A20 cells that express an endogenous IgG2a BCR. The mutated µ-chain contains two
point mutations changing the neighboring tyrosine and serine residues in the C-terminal
hydrophilic patch of the transmembrane region to valines (µYS/VV) (Fig. 2-1A). The
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Figure 2-1. Cell surface expression of wtµ and µYS/VV on transfected A20 cells.

(A) Sequence of the transmembrane domain of wt and mutated mouse µ-chains. The
single letter amino acid code is used. Amino acids are numbered from the N-terminus to
the C-terminus, and introduced mutations are marked by bold letters. The underlined
threonine is an alanine in human µ and is the only difference between the µ
transmembrane domains of the two species. (B) FACScan analysis of transfected mIgM.
The A20 cells and transfectants expressing the indicated form of mIgM were stained with
FITC-conjugated goat anti-mouse µ or TRITC-conjugated goat anti-mouse γ2a antibody
and analyzed by flow cytometry.
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levels of surface expression of µ-chains in transfected clone lines were analyzed using
flow cytometry. Clones expressing wtµ or µYS/VV at a level similar to that of mIgG2a
were chosen for further analysis (Fig. 2-1B).

The stability of the µYS/VV- or wt µ-containing BCR on the plasma membrane was
analyzed. The cell surface protein was biotinylated at 4oC, and then chased at 37oC for
varying lengths of time. The cells were lysed in a digitonin lysis buffer to preserve the
non-covalent interaction between mIg and Igα/Igβ. The cell lysates were subjected to
immunoprecipitation using anti-µ antibody conjugated to Agarose beads. The immunoprecipitates were analyzed by SDS-PAGE and Western blotting. The biotinylated
proteins were visualized by HRP-conjugated streptavidin (Fig. 2-2A). The existence of
Igα/Igβ in the immunoprecipitates was verified by reblotting the same blot with Igαspecific antibodies (data not shown). The amount of biotinylated Igα in the immunoprecipitates was quantified by densitometry, and the ratio of the biotinylated Igα to the
biotinylated µ-chain was calculated. Shown are the ratios of the coimmunoprecipiated
biotinylated Igα to biotinylated µ chain at each time point (Fig. 2-2B). Biotinylated Igα
was coimmunoprecipitated with wtµ-chain through the 2 h of chase time in A20 cells
expressing wtµ chains (Fig. 2-2). The amount of surface biotinylated Igα in the coimmunoprecipitates gradually decreased with time. In µYS/VV expressing cells, the
amount of biotinylated Igα coimmunoprecipitated with µYS/VV was significant less than
what was seen with wtµ at all the time point (Fig. 2-2). Thus, µYS/VV BCR is relatively
unstable.
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Figure 2-2. Co-immunoprecipitation of Igα with mIgM.

(A) The surface of A20 cells were biotinylated at 4oC, then washed and chased at 37°C
for the times indicated. The cells were lysed in 1% digitonin lysis buffer. Membrane
IgM was immunoprecipitated from the cell lysates with anti-µ antibody conjugated to
Agarose beads. The immunoprecipitates were analyzed by SDS-PAGE and Western
blotting. The immunoprecipitates from cell lysates generated from an equal number of
cells were loaded onto each well of gels. The biotinylated mIgM and Igα were detected
using streptavidin-HRP. The blots were analyzed by densitometry. A representative blot
is shown. (B) The amounts of the biotinylated Igα and µ-chain at each time point were
quantified using densitometry and the ratio of the biotinylated Igα to the biotinylated µchain was calculated. The average of the results of three independent experiments is
shown. * indicates that there is a significant difference between the amounts of surface
biotinylated Igα coimmunoprecipitated with wt mIgM and with mIgM containing µ
YS/VV (p < 0.01).
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2

The µYS/VV BCR is defective in signaling and coligating the µYS/VV BCR with the
endogenous BCR dampens the endogenous BCR signaling
The ability of transfected µ-chains to initiate signaling was analyzed by measuring
tyrosine phosphorylation of cellular proteins following BCR cross-linking. Cells were
incubated with or without a µ-chain-specific antibody (Fig. 2-3A) at 4oC for 10 min, and
then warmed to 37oC for 2 min. The cells were lysed and analyzed using SDS-PAGE
and Western blot probing for phosphorylated proteins. Cross-linking wtµ induced
protein tyrosine phosphorylation at a level similar to that induced by cross-linking the
endogenous wt IgG2a BCR (Fig. 2-4), indicating that the signaling function of transfected
wtµ BCR is equivalent to the endogenous BCR. In contrast, the level of protein tyrosine
phosphorylation induced through µYS/VV was much lower than those induced through
the wtµ or endogenous BCR (Fig. 2-4). Thus, the mutation YS to VV reduces the ability
of BCR to initiate protein tyrosine phosphorylation.

Next, we asked whether the µYS/VV BCR affects the signaling function of endogenous
wt BCR when either cross-linked independently or coligated. To cross-link the
endogenous BCR independently, cells were treated with an antibody specific for mIgG2a
(Fig. 2-3B). In µYS/VV-expressing cells, cross-linking mIgG2a induced tyrosine
phosphorylation of a spectrum of proteins at levels similar to those seen in wtµexpressing cells (Fig. 2-4), indicating that the defective BCR does not affect the signaling
function of the endogenous BCR when the endogenous BCR is cross-linked
independently.
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Figure 2-3. Cross-linking and coligation of the transfected and endogenous BCRs.

Depicted are the different cross-linking antibodies used to assess functions of the
transfected BCR and the endogenous BCR. (A) The transfected BCRs are cross-linked
by anti-µ antibody independently of the endogenous BCR. (B) The endogenous BCRs
are cross-linked by anti-γ2a antibody independently of the transfected BCR. (C) The
transfected and endogenous BCRs are coligated by anti-IgG+M antibody.
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Cross-linking
antibodies

Figure 2-4. Protein tyrosine phosphorylation induced by transfected µ-chains.
(A) Transfected A20 cells were incubated with medium alone, different cross-linking or
coligation antibodies at 4oC for 30 min and warmed to 37oC for 2 min. The cells were
immediately lysed, and the cell lysates were analyzed using SDS-PAGE and Western
blotting. The cell lysates generated from an equal number of cells were loaded onto each
well of gels. Blots were probed with mAb 4G10 and an HRP-conjugated secondary
antibody for detecting phosphorylated tyrosines. The blots were stripped and probed
with anti-actin antibody for loading controls. Shown is a representative blot of four
independent experiments. (B) The amount of protein tyrosine phosphorylation was
quantified using densitometry. The ratio of amount of protein tyrosine phosphorylation
for each crosslinking or coligation condition over the amount of protein phosphorylation
of non-stimulated cells was calculated. The average of the results of four independent
experiments is shown. * indicates that there is a significant difference between the values
for wt µ and µYS/VV for the anti-µ crosslinking and between the values for µYS/VV and
for the anti-IgG and anti-µ conditions (p < 0.01).
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The µYS/VV and endogenous BCRs were coligated using a polyclonal anti-mouse
IgG+M antibody (Fig. 2-3C). Previous work in our lab showed that the anti-mouse
IgG+M antibody binds to both mIgM and mIgG2a as shown by immunofluorescence
microscopy using non-transfected A20 cells and CH27 cells expressing mIgM only.
Coligation of the µYS/VV BCR with the endogenous BCR induced tyrosine
phosphorylation of a spectrum of proteins similar to those seen in wtµ-expressing cells
(Fig. 2-4). But phosphorylated proteins around 70 kDa were much less in the coligated
cells than those seen in cells treated with anti-γ2a antibody (Fig. 2-4). Thus, the µYS/VV
BCR interferes with the signaling function of the wt BCR when they are coligated.

The µYS/VV BCR fails to facilitate antigen processing and does not target to late
endosomes
The ability of the wtµ and µYS/VV BCRs to facilitate antigen processing and
presentation was tested using either myoglobin (Myo), taken up by fluid phase
pinocytosis, or anti-mouse µ antibody-conjugated Myo (anti-µ-Myo), taken up by the
BCR. Cells were incubated with graded concentrations of Myo or anti-µ-Myo and Myospecific T cell hybrids for 24 h at 37oC, and the culture supernatants were assayed for IL2 as a measure of T cell activation. Cells expressing wtµ required much less anti-µ-Myo
than Myo to activate T cells (Fig. 2-5). Comparing to the wtµ BCR, the ability of
µYS/VV BCR to present the µ-specific antigen, anti-µ-Myo, was significantly decreased
(Fig. 2-5). Thus, the mutation YS to VV inhibits the ability of the BCR to facilitate
antigen processing.
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Figure 2-5. The mutation YS to VV reduces BCR-mediated antigen presentation.

Transfectant A20 cells (5 x 104) were cultured with myoglobin-specific T cell clones (5 x
104) in the presence of graded concentrations of myoglobin (Myo) or myoglobin
conjugated to anti-µ antibody (anti-µ-Myo) for 24 h. Culture supernatants were assayed
for the presence of IL-2 as a measure of T cell activation. The concentration of IL-2 in
the supernatants was determined by its ability to maintain the growth of the IL-2dependent T cell line, CTLL. The proliferation of CTLL was measured by incorporation
of [3H]thymidine. Assays were done in triplicates. Shown are the means (± S.D.) of one
of three independent experiments.
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The decreased ability of the µYS/VV BCR to facilitate antigen processing suggests that it
may not correctly target antigens to the processing compartment. To investigate this
possibility, the intracellular trafficking of the BCR was followed using
immunofluorescence microscopy. The BCR on the cell surface was labeled with
monovalent FITC-Fab-anti-µ antibody at 4oC, and a polyclonal anti-µ antibody was
added to cross-link the BCR. Previous studies showed that the FITC-Fab-anti-µ does not
compete with the polyclonal anti-µ for binding to the BCR [98]. The cells were washed
and chased at 37oC for varying lengths of time. Late endosomes/lysosomes were labeled
with LAMP-1-specific mAb. The intracellular distribution of BCR was analyzed using
confocal fluorescence microscopy. Before the chase, FITC-Fab-anti-µ was primarily on
the surfaces of the cells in all cases (Fig. 2-6A-D). In the absence of cross-linking, after
60 min of chase the wtµ BCR showed punctate staining at the cell periphery where it was
partially colocalized with LAMP-1-staining (Fig. 2-6M). After only 10 min of crosslinking, the punctate staining of Fab-anti-µ moved to the center of cells and was
colocalized with LAMP-1 (Fig. 2-6G). By 60 min, most of Fab-anti-µ and a significant
portion of LAMP-1-stainings clustered in the perinuclear location where they were
colocalized with each other (Fig. 2-6O). The colocalization of Fab-anti-µ and LAMP-1
in the cross-linked cells was far more extensive than that seen in the untreated cells (Fig.
2-6M and 6O). The intracellular distributions of the wtµ BCR in the presence or absence
of cross-linking antibodies were similar to those of the endogenous BCR, indicating that
transfected wtµ BCR behaves like the normal BCR.
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Figure 2-6. The mutation YS to VV blocks the movement of the BCR from the
plasma membrane to the LAMP-1+-compartment.

Cells were incubated with monovalent FITC-Fab-anti-µ in the presence (+XL) or absence
(-XL) of anti-µ antibody (20 µg/ml) to cross-link the BCR at 4oC for 60 min. After
washing, the cells were chased at 37oC for times as indicated. Then the cells were fixed,
permeabilized and incubated with LAMP-1-specific mAb, 1D4B, and TRITC-conjugated
secondary antibodies to label late endosomes and lysosomes. The FITC and TRITC
emissions were captured using a scanning laser confocal microscope. Single optical
sections were taken from the middle of the cells. Shown are the representative images
from three independent experiments. Bar, 10 µm.
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In contrast, in cells expressing µYS/VV, FITC-Fab-anti-µ-staining remained on the cell
surface up to 60 min of chase at 37oC (Fig. 2-6N). Treating the cells with the crosslinking antibody induced neither the clustering of Fab-anti-µ and LAMP-1 nor the
colocalization of Fab-anti-µ and LAMP-1 (Fig. 2-6H, 6L, and 6P). Thus, the mutation
YS to VV blocks the constitutive and cross-linking-stimulated movement of BCR to late
endosomes/lysosomes.

To quantify the level of internalization of the wtµ and µYS/VV BCR, cells were
incubated with [125I]Fab-anti-µ in the presence and absence of anti-µ antibody at 4oC.
The cells were washed and incubated at 37oC for varying lengths of time to allow
internalization. At the end of each time point, the radioactivity released from the cells, on
the cell surface, and inside the cells was measured. At the end of each time period, the
incubation media were collected and counted as radioactivity released. [125I]Fab-anti-µ
on the surface of the cells was stripped with an acid solution, collected and counted as
radioactivity on the cell surface. [125I]Fab-anti-µ associated with the cells after stripping
was counted as internalized. These values were added and the data are presented as a
percentage of the total radioactivity associated with cells before warming. Without crosslinking, wtµ internalized [125I]Fab-anti-µ at a low rate, reaching 24% of the ligand
initially bound to the cell surface by 10 min (Fig. 2-7A). Cross-linking the µ-chain
dramatically increased the internalization rate, reaching 57% during the same length of
time (Fig. 2-7A). This is consistent with our previously published results [97] that the
IgM-based BCR in CH27 cells constitutively internalizes at a low rate, and cross-linking
BCR stimulates BCR internalization. Without cross-linking, µYS/VV internalized
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Figure 2-7. Internalization of the transfected mIgM under different stimulation
conditions.

Cells were incubated with [125I]Fab-anti-µ in the presence or absence of different crosslinking or coligation antibodies at 4oC for 60 min. The cells were treated as follows: A,
medium alone or 20 µg/ml anti-µ antibody and/or 100 µM PP2, B, medium alone or 20
µg/ml anti-γ2a antibody, and C, 20 µg/ml anti-µ or 20 µg/ml anti-IgG+M antibody. After
extensive washing at 4oC, the cells were allowed to internalize the ligand at 37oC for the
times indicated. At the end of each time period, the incubation media were collected and
counted. [125I]Fab-anti-µ on the surface of the cells was stripped with an acid solution.
[125I]Fab-anti-µ associated with the cells after stripping was counted as internalized.
Internalized fractions are expressed as percentages of the total radioactivity initially
associated with the cells. The results are the averages (±S.D.) of four independent
experiments. (A) * indicates a significant difference between wt µ and µYS/VV (p <
0.01).
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[125I]Fab-anti-µ at a rate lower than wtµ, only reaching 15% during 10 min of incubation
(Fig. 2-7A). Cross-linking the µ-chain only slightly increased the internalization to 26%
by 10 min. The cross-linking-induced increase in the internalization rate of µYS/VV was
significant and sensitive to the tyrosine kinase inhibitor, PP2 (Fig. 2-7A). However, this
increase fell far short compared to wtµ. Since the surface expression levels of wtµ and
µYS/VV are similar (Fig. 2-1B), the expression levels cannot be accounted for the
difference in their internalization rates. Thus, the mutation YS to VV inhibits both the
constitutive and accelerated internalization of BCR.

Cross-linking the endogenous BCR independently and coligating the µYS/VV BCR with
the endogenous BCR cannot restore the internalization of the µYS/VV BCR
To determine if signaling from the endogenous BCR stimulates the internalization of the
transfected µ-chains, the wtµ or µYS/VV BCR was labeled with [125I]Fab-anti-µ and the
endogenous BCR cross-linked with the γ2a-specific antibody (Fig. 2-3B). The
internalization of [125I]Fab-anti-µ was analyzed as described above. Cross-linking the
endogenous BCR did not significantly increase the internalization of either wt µ or
µYS/VV BCR (Fig. 2-7B). This is despite the fact that the cross-linking induced high
levels of tyrosine phosphorylation in the wtµ or µYS/VV expressing cells (Fig. 2-4).
Thus, the signaling initiated by the endogenous BCR does not stimulate the
internalization of the µ-chains.
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To test whether the coligation of the endogenous BCR and the µYS/VV BCR influences
the internalization of the µYS/VV BCR, the µYS/VV and endogenous BCRs on the cell
surface were cross-linked using the anti-IgG+M antibody (Fig. 2-3C). The
internalization of µYS/VV in cells treated with anti-IgG+M was analyzed using [125I]Fabanti-µ. Compared to cells treated with anti-µ alone, the internalization of µYS/VV in
cells treated with the coligation antibody was largely unchanged (Fig. 2-7C). Thus,
coligation of the µYS/VV BCR and the endogenous BCR cannot restore the
internalization of the µYS/VV BCR to the level seen with the wtµ BCR.

Coligation of the µYS/VV BCR with the endogenous BCR promotes internalized µYS/VV
BCR to enter the LAMP-1+-compartment
Next, we asked whether the activation of the endogenous BCR or the coligation of the
µYS/VV BCR with the endogenous BCR affects the targeting of µYS/VV to the LAMP1+-late endosomes. The transfectants were incubated with FITC-Fab-anti-µ and anti-γ2a
(Fig. 2-3B) or anti-IgG+M antibody (Fig. 2-3C) sequentially at 4oC, washed, and chased
at 37oC for 60 min. The cells were labeled with LAMP-1-specific mAb to mark the late
endosomes/lysosomes. The colocalization of the µ-chain and LAMP-1 indicates the
entry of the BCR to late endosomes/lysosomes. As shown earlier, most of the µYS/VV
BCR remained on the cell surface over a course of 60 min following cross-linking, and
was not colocalized with LAMP-1 (Fig. 2-8A). Cross-linking the endogenous BCR
resulted in the LAMP-1+-compartment moving from the cell periphery to center of the
cells. However, the µYS/VV BCR remained on the outer rim of cells, and no significant
colocalization of µYS/VV and LAMP-1 was detected (Fig. 2-8B). Thus, signaling
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Figure 2-8. Movement of the transfected µ-chain and endogenous BCR to late
endosomes/lysosomes.

To label the transfected µ-chain, cells were incubated with monovalent FITC-Fab-anti-µ
antibody (A-D) in the presence of different cross-linking and coligation antibodies at 4oC
for 60 min. To label the endogenous BCR, cells were incubated with TRITC-anti-γ2a
antibody (E-F). A, µYS/VV transfectants were treated with 20 µg/ml anti-µ antibody; B,
µYS/VV transfectants were treated with 20 µg/ml anti-γ2a antibody; C and E, µYS/VV
transfectants were treated with 20 µg/ml anti-IgG+M; D and F, wtµ transfectants were
treated with 20 µg/ml anti-IgG+M antibody. After washing, the cells were chased at 37oC
for 60 min. Then the cells were fixed, permeabilized and incubated with LAMP-1specific mAb, 1D4B, and TRITC- (A-D) or FITC- (E-F) conjugated secondary antibodies
to label late endosomes/lysosomes. The FITC and TRITC emissions were captured using
a scanning laser confocal microscope. Single optical sections were taken from the middle
of the cells. Shown are the representative images from three independent experiments.
Bar, 10 µm.
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transduced by the endogenous BCR independently of the transfected µ-chain does not
induce the targeting of µYS/VV BCR to late endosomes/lysosomes.

Coligation of the endogenous BCR and µYS/VV BCR resulted in colocalization of a
small but significant portion of µYS/VV and LAMP-1 in the center of cells (Fig. 2-8C).
The majority of µYS/VV and LAMP-1-stainings remained on the cell surface and at the
cell periphery. Thus, compared to cross-linking the µYS/VV BCR alone, the coligation
of the endogenous BCR and µYS/VV BCR significantly increased the colocalization of
µYS/VV and LAMP-1, but to a far less extent than that seen for wtµ BCR (Fig. 2-8C and
8D). Since the coligation does not increase the internalization of µYS/VV, the small
amount of µYS/VV entering the LAMP-1+-compartments is probably derived from the
small pool of internalized µYS/VV.

To analyze the effect of the µYS/VV BCR on the intracellular movement of the
endogenous BCR, cells were incubated at 4oC with TRITC-anti-γ2a antibody to label the
endogenous BCR prior to the coligation. The cells were washed at 4oC and chased at
37oC for 60 min. In wtµ-expressing cells, the endogenous BCR and LAMP-1 moved to
the perinuclear area where they were extensively colocalized with each other (Fig. 2-8F).
In contrast, the movement of the endogenous BCR from the cell surface to the
perinuclear area and its colocalization with LAMP-1 were significantly decreased by the
coligation with µYS/VV BCR (Fig. 2-8E). This suggests that the coligation of the
µYS/VV BCR with the endogenous BCR inhibits the movement of the endogenous BCR
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to late endosomes/lysosomes. The effects of the different crosslinking or coligation
conditions on the BCRs is summarized in Figure 2-9.

2.5 Discussion
The BCR plays a central role in B cell activation. The BCR senses the presence of
antigens, initiates signaling cascades, and internalizes antigens for processing and
presentation that acquires T cells’ help. The binding avidities of antigens to the BCR
modulate the stability of BCR and BCR-antigen complexes [132] and regulate the
outcome of BCR signaling and the efficiency of antigen presentation [130, 144, 145]. To
understand how the stability of BCR influences their functions, we have examined the
effect of mutation YS to VV in the transmembrane domain of the µ-chain on BCRinduced protein tyrosine phosphorylation and BCR-mediated antigen targeting. Previous
work with this mutant BCR first showed that there was a decrease in signaling and
antigen presentation [8]. Later work indicated that this decrease in signaling was due to a
lack of association of mIgM with Igα/Igβ [9, 11]. Another study confirmed that when
there is a lack of association of mIgM with Igα/Igβ, there is a decrease in signaling and a
decrease in antigen presentation [10]. In this study, we wanted to examine the effect of
this mutant unstable BCR on the internalization and intracellular trafficking of the BCR,
which had not been observed yet, as well as signaling and antigen presentation. We also
wanted to the destabilized BCR affected the endogenous BCR and vice versa, which also
had not been determined. We found that the mutation YS to VV in the transmembrane
domain of the µ-chain weakens the association of mIgM with Igα/Igβ, reduces the
protein tyrosine phosphorylation induced by BCR cross-linking, inhibits both the
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Figure 2-9. Summary of the effects of the different crosslinking or coligation
conditions on the BCRs.

Crosslinking the mutated µ-chain independently shows defects in signal transduction,
antigen presentation, intracellular trafficking and internalization of the BCR.
Crosslinking the endogenous BCR independently does not improve defects seen when
crosslinking the mutated µ-chain independently. Coligation of the mutant µ and
endogenous BCR improves the transport but not internalization of the mutant µ BCR.
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constitutive and signaling-stimulated internalization of the BCR, and blocks the
movement of the BCR to late endosomes/lysosomes. These results indicate that the
stability of BCR is essential for both the signaling and antigen-targeting functions of the
BCR.

Modulating the stability of BCR appears to be one of the major regulatory mechanisms
for BCR signaling. Vilen et al. [132] reported that the binding of multivalent, low
affinity antigens desensitizes the BCR by weakening the interaction between mIg and
Igα/Igβ, indicating that BCR destabilization plays a role in generating the
unresponsiveness of antigen-desensitized and perhaps anergic B cells. More recently
they showed that destabilization does lead to a physical separation of mIg and Igα/Igβ,
with each component being found in different microdomains on the cell surface [146].
Here we show that destabilizing the BCR by mutations not only inhibits BCR signaling,
but also blocks the internalization and targeting of the BCR to late endosomes/lysosomes,
consequently decreasing the antigen-presenting efficiency of the B cells. Blocking BCRmediated antigen transport probably is an additional mechanism by which the
unresponsive and anergic stages of B cells are generated and maintained.

In vivo, concentrations of self-antigens are unlikely to be high enough to saturate the cell
surface BCR and destabilize every receptor on the cell surface. How the destabilized
BCR influences the functions of the rest of stable BCRs to generate the unresponsiveness
of B cells is unclear. The mutation YS to VV destabilizes the BCR, resulting in an
antigen-unresponsive BCR. Using B cells coexpressing the µYS/VV BCR and
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endogenous wt IgG2a BCR, we analyzed the effect of the destabilized BCR on the
functions of the stable BCR. Cross-linking the endogenous BCR independently of the
µYS/VV BCR induces protein tyrosine phosphorylation at a level similar to that seen in
wtµ-expressing cells. However, the signaling from the endogenous BCR does not restore
the internalization rate and intracellular movement of the µYS/VV BCR. These suggest
that two populations of BCRs, mIgM- and mIgG2a-based, function independently of each
other. Activation of one population of the BCR by cross-linking does not automatically
bring the other population into the activating complex. Coligation of the µYS/VV BCR
with the endogenous BCR does not induce a full spectrum of phosphorylated proteins as
seen in the wtµ-expressing cells, and inhibits the movement of the endogenous BCR to
the LAMP-1+-compartment. Thus, even though the endogenous BCR remains competent
for signaling and antigen targeting, coligation with the destabilized BCR inhibits both of
its signaling and antigen-targeting functions. This could be due to the fact that the
colligating antibody is crosslinking more of the µYS/VV BCR and fewer of the
endogenous BCR, thus not allowing the endogenous BCR to be stimulated at the same
level as when it is crosslinkined individually. This data could also suggest that
destabilized BCR can interfere with the signaling and antigen-targeting capabilities of the
stable BCR, blocking antigen-specific response of B cells. The minimum percentage of
destabilized BCR required for generation of unresponsiveness of B cells has not been
determined. The expression level of the µYS/VV BCR is similar to that of the
endogenous BCR, suggesting that the unresponsiveness of B cells can be achieved when
50% of the surface BCRs are destabilized. More recently Vilen et al showed that early,
but not later, steps in endogenous BCR signaling are impaired coaggregation with
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destabilized receptors, with the destabilized receptors making up as few as 15% of the
total [147].

Igα/Igβ and mIg, the two components of the BCR, are held together through noncovalent interaction. Through this non-covalent interaction, the binding of antigen to mIg
is translated into activation of the receptor-associated Src-kinases and phosphorylation of
the cytoplasmic tails of Igα/Igβ. The transmembrane domain of mIgM consists of nine
hydrophilic residues that are distributed around the putative α-helix potentially formed.
One side of this putative α-helix, where the sequence is conserved between all classes of
Ig, has been demonstrated to be important for mIgM to interact with Igα/Igβ. The
opposite side, where the sequence is class-specific but evolutionarily conserved, has been
shown to be involved in the formation of the class-specific oligomeric BCR complex [13,
148]. Early studies have shown that mutating tyrosine and serine in the N-terminal end
of the transmembrane domain to valines disrupts the interaction between mIgM and
Igα/Igβ [8, 11]. Using surface biotinylation and mild detergent, digitonin, the association
of the Igα/Igβ with wtµ and µYS/VV during their intracellular movement was analyzed.
We found that wtµ remained associated with Igα/Igβ for up to 2 h when a significant
amount of the surface-labeled BCR was transported to the LAMP-1+-late
endosomes/lysosomes, which is consistent with our earlier published report [120]. To
our surprise, in spite of a weak association shown earlier in whole-cell lysate analysis
[11], the association between the biotinylated Igα/Igβ and µYS/VV was still prominent
over the first 30 min of the chase, but rapidly decreased as the chase time increased. This
result suggests that µYS/VV forms a short-lived complex with Igα/Igβ on the cell
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surface. This transient association of µYS/VV with Igα/Igβ provides an explanation for
its ability to initiate a low level of protein tyrosine phosphorylation and Ca2+-influx [11].
A question raised by this observation is why µYS/VV can interact with Igα/Igβ during
the first 30 min of the chase, but not retain the interaction. There are at least two possible
explanations. The BCR undergoes constitutive internalization. Within 30 min at 37oC,
the internalization and recycling of the BCR reach equilibrium. When the BCR enters
the endocytic endosomes, the acidic environment of the endosomes may disrupt the weak
interaction between µYS/VV and Igα/Igβ. In addition, µYS/VV may compete with the
endogenous mIgG2a for Igα/Igβ. The stronger interaction between mIgG2a and Igα/Igβ
removes Igα/Igβ from µYS/VV when mIgG2a internalizes with Igα/Igβ, leaving µYS/VV
behind. Our results from the internalization analyses show that µYS/VV does not
internalize very well, supporting the second hypothesis.

In response to antigens, BCR signaling and trafficking pathways need to communicate
with each other in order to steer B cells to a proper response. Cross-linking the BCR by
bivalent or multivalent antigens induces signaling cascades, and also accelerates antigen
targeting to enhance antigen processing [97, 99]. Blocking BCR internalization inhibits
the attenuation of BCR signaling [98]. At present, BCR-mediated signaling and antigen
transport pathways have been intensively studied, but the relationship between the
signaling and antigen-targeting functions of the BCR remains to be understood. The
mutation YS to VV generates a signaling-desensitized BCR. Using B cells expressing
both signaling-desensitized (µYS/VV) and competent BCRs (the endogenous), we
analyzed the relationship between BCR-signaling and BCR-trafficking events. Cross-
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linking the desensitized BCR does not restore the rate of BCR internalization and
targeting to late endosomes/lysosomes, indicating that receptor aggregation itself in the
absence of proper interaction between mIg and Igα/Igβ and signaling is not sufficient to
induce the internalization and intracellular movement of BCR. Cross-linking the
endogenous BCR independently of transfected µ-chains induces a normal level of
signaling, including increases in protein tyrosine phosphorylation and the clustering of
late endosomes/lysosomes, but does not stimulate the internalization of either wtµ or
µYS/VV BCR, indicating that signals from neighbor receptors cannot stimulate BCR
internalization. When the desensitized and competent BCRs are brought together through
coligation, the internalization of µYS/VV BCR remains low, indicating that the proper
interaction between mIg and Igα/Igβ is essential for BCR internalization. These results
demonstrate that physical association of signaling events with the BCR is essential for
stimulating BCR internalization. This association is achieved by the interaction between
the antigen binding-domain of the BCR, mIg, with the signaling component of the BCR,
Igα/Igβ. The maintenance of this association is dependent on the stability of BCR
complexes. Coligation of the µYS/VV BCR with the endogenous BCR does not increase
the internalization of the µYS/VV BCR, but does induce a small amount of internalized
µYS/VV to enter late endosomes/lysosomes. This suggests that BCR signaling
differentially regulates BCR internalization and entry of BCR to late
endosomes/lysosomes.

Shaw et al. [8] reported earlier that introducing YS to VV mutations to a human-mouse
chimeric µ-chain expressed in A20 cell inhibits its ability to facilitate antigen processing
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and presentation, which is consistent with our results. Here we show that mouse
µYS/VV BCR fails to internalize and target antigens to the processing compartments,
which explains its low antigen processing and presentation efficiency. However, unlike
mouse µYS/VV, human-mouse chimeric µYS/VV internalizes at the same rate as the wt
BCR [10]. This discrepancy may result from the differences in the structures of the µchains. Indeed, there is a single amino acid difference between the transmembrane
domains of mouse and human membrane µ-chains (Fig. 2-1) [11] and additional
differences in the extracellular domains [12]. The structural differences of mIgs from
different species could influence their interaction with Igα/Igβ and their functions.

The activation of B cells to respond to T cell-dependent antigens and to generate B cell
memory requires both BCR signaling and T cells’ help through antigen processing and
presentation. The binding of antigens to mIg is transduced through the interaction
between mIg and Igα/Igβ into the phosphorylation of Igα/Igβ, activation of signaling
cascades and fast internalization and intracellular movement of the receptor. The binding
affinity and avidity of antigens modulate the stability of BCR to fine-tune the signaling
and antigen-targeting functions of the BCR. The signaling and antigen-targeting
pathways of the BCR regulate each other in order to mount an appropriate response.
Further studies on the mechanisms for finely tuning BCR functions and for the cross talk
between BCR signaling and trafficking pathways will greatly extend our understanding
of B cell biology.
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Chapter III: The tyrosines of the Igα ITAM are required for efficient
transport of the BCR to antigen processing compartments

3.1 Abstract
The B cell antigen receptor (BCR) has dual roles. Upon the binding of antigen, the BCR
initiates signaling cascades which begin activation of the B cells. Subsequently the BCR
internalizes antigen and transports it to the MHC class II-containing endosomal
compartment for processing and presentation. Current evidence indicates that BCRtriggered signaling is important for rapid internalization and transport of the BCR to
antigen loading compartments. Here we analyzed the role of BCR signaling in regulation
of the BCR-mediated antigen targeting by mutating the key amino acids of the
immunoreceptor tyrosine-based activation (ITAM) motif of the Igα cytoplasmic tail.
Mutation of the N-terminal ITAM tyrosine of Igα (Y182A) had no significant effect on
BCR-triggered signaling and BCR internalization and intracellular transport. Mutation of
the C-terminal ITAM tyrosine of Igα (Y193A) caused a decrease in BCR signaling and a
defect in BCR internalization and intracellular transport. Mutating both tyrosines led to a
greater decrease in BCR signaling and a greater defect in the internalization and transport
of antigen to LAMP-1+ compartments than the Y193A mutation. Mutating each or both
tyrosines and their associated bulky hydrophobic residue in the Igα ITAM showed a
decrease in signaling and intracellular transport of the BCR, but it was equivalent to
mutating the respective tyrosines alone. Thus, the ITAM of the Igα cytoplasmic tail,
which is known to be necessary for signaling, is also important for accelerated
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internalization of the BCR and efficient transport of BCR through the endocytic pathway
to the antigen-processing compartments.

3.2 Introduction
A central event that leads to T cell dependent antibody responses is the presentation of
antigen by B cells to helper T cells. The antigens are first recognized, internalized and
processed by B cells before they are presented on the B cell surface. B cells express
clonally specific antigen receptors which bind antigen. Binding of antigen initiates
signaling cascades, which are the first signals needed for B cell activation [30, 133, 134].
After binding, the B cell antigen receptor (BCR) internalizes the antigen and transports it
through the endocytic pathway [120]. The antigen is targeted to the processing
compartments where it is proteolytically degraded into peptides. These peptides are
loaded into major histocompatibility complex (MHC) class II molecules and the antigenic
peptide:MHC class II complexes are transported to the surface [136, 137]. The
recognition of an antigenic peptide:MHC class II complex by a T cell leads to the second
signal that is needed for B cell activation.

The BCR is composed of the membrane Ig (mIg) and the Igα/Igβ heterodimer (Igα/Igβ).
The mIg and the Igα/Igβ associate non-covalently to form the BCR complex [12]. The
mIg is the antigen binding component, while the Igα/Igβ is known to be the signaling
component [9, 133, 134]. The cytoplasmic tails of the Igα/Igβ contain conserved motifs
known as immunoreceptor tyrosine-based activation motifs (ITAMs), which have been
shown to be essential for signaling functions in the BCR [23]. The BCR also serves to
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transport antigens. The BCR allows B cells to be very efficient antigen presenting cells.
Antigens can enter cells through fluid phase pinocytosis, but it requires 1,000 to 10,000
times more antigen to reach a similar antigen presentation level than antigen internalized
by the BCR. This allows B cells to present antigen even when the concentration of
antigen is low [149]. The BCR can internalize monovalent antigen, which leads to the
processing and presentation of the antigen, but divalent antigen, which crosslinks the
BCRs and triggers the signaling cascade, can be present at 1/10th the concentration,
suggesting a regulatory role of BCR signaling in its antigen processing function [150].

Although the mIg is known to be the antigen binding component and the Igα/Igβ is
known to be the signaling component, it appears that signaling and antigen processing are
not separate activities. Previous studies indicate that signaling is required for optimum
antigen processing and presentation. Several studies, including my own, show that
mutated mIgM that no longer associates with Igα/Igβ not only fail to initiate signaling,
but the antigen processing and presentation efficiency of these B cells is also greatly
reduced, indicating that Igα/Igβ is important for BCR-mediated antigen processing [8-11,
94, 151]. Cross-linking the BCR, which initiates the signaling cascade, increases the rate
of internalization, accelerates the targeting of the BCR to the antigen processing
compartments, and increases antigen presenting efficiency [97, 152]. Tyrosine kinase
inhibitors that prohibit initiation of signaling also inhibit accelerated antigen transport
and lower the antigen-presenting efficiency of B cells [125, 126]. The tyrosine
phosphorylation sites on both the cytoplasmic tail of the Igα and the tyrosine kinase Syk
have been shown to be important for BCR-mediated antigen processing [95, 122, 124].
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When a dominant negative Syk mutant is overexpressed, signaling and antigen
presentation are inhibited [122]. Initiation of signaling in B cells has been shown to
induce aggregation and fusion of the late endosomal compartments where antigens are
loaded onto MHC class II molecules [127]. Thus, signaling mediated by the BCR is
important not just as a first activation step, but is also necessary for optimal efficiency of
antigen processing.

The ITAMs in the cytoplasmic tails of Igα and Igβ have distinct roles in initiation of
signal transduction [153, 154]. Previous studies have shown that chimeras consisting of
either the Igα or the Igβ cytoplasmic tail can internalize antigen almost as well as wt
BCR and present antigen, but at a greatly reduced efficiency compared to wt BCR [121,
124]. It has also been shown that both Igα and Igβ are required to stimulate protein
tyrosine phosphorylation, induce the aggregation of late endosomal compartments and
present antigen as efficiently as wt BCR [121, 123, 124, 154]. Although Igα or Igβ alone
can present antigen at a reduced efficiency, Igβ alone transports antigen only to early
endosomal compartments [121]. On the other hand, Igα alone transports antigen to the
MIIC where antigens can be efficiently processed [121, 122]. Therefore, Igα appears to
have a more important role in antigen transport and presentation. A chimera consisting
of only the ITAM of Igα still internalized constitutively, but a mutation of the first
tyrosine of the ITAM abolished constitutive internalization [95]. Another chimera which
consisted of a wt Igβ cytoplasmic tail and an Igα cytoplasmic tail with both ITAM
tyrosines mutated failed to initiate signaling or to present antigen [124]. These results
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suggest that in addition to signaling the ITAMs of the BCR also play an important role in
BCR-mediated antigen processing.

How the ITAM of the BCR is involved in antigen processing and presentation remains to
be elucidated. The signaling cascade initiated by the ITAM of the BCR could regulate
the endocytic machinery, which is required for BCR-mediated antigen uptake and
processing. In addition, the ITAM could provide a binding site for the clathrin adaptor
protein (AP-2), which is important for BCR-antigen internalization. The sequence
YXXφ, where φ is a bulky hydrophobic amino acid, has been shown to be an
internalization motif on the cytoplasmic tail of other receptors [155]. This sequence is
found twice in the Igα ITAM, as YXXL at the N-terminal tyrosine and YXXI at the Cterminal tyrosine.

In this study we investigated the role of the ITAM of the Igα in the internalization and
intracellular trafficking of the BCR. To accomplish this, we mutated each of the
tyrosines individually and in combination. In addition to the tyrosines of the ITAM, we
further mutated the leucine and isoleucine of the Igα ITAM, as they may be part of
internalization or targeting motifs. Thus we created Igαs in which the tyrosine and
leucine of one putative motif were mutated, the tyrosine and isoleucine of the other
putative motif were mutated, or all four residues were mutated. HA-tagged, mutated
Igαs were expressed in B cell lymphoma A20 cells. The effect of mutations on signaling
and antigen transport functions was examined.
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3.3 Materials and Methods
Cell culture and antibodies
The B cell lymphoma, A20 IIA1.6, is an H-2d, IgM-, IgG2a+ and FcγRIIb1- cell line. The
A20 cells were cultured in DMEM supplemented as described [140], containing 10%
FCS. The rat hybridoma 1D4B producing a LAMP-1-specific mAb was obtained from
the Development Studies Hybridoma Bank (Iowa City, IA). Goat antibodies specific for
rat IgG, mouse µ chain (anti-µ), F(ab’)2 fragment of goat anti- mouse IgG+M (F(ab’)2anti-Ig), Fab fragment of goat anti-mouse µ chain antibody (Fab-anti-µ), and their FITC,
TRITC or Cy3-conjugates were purchased from Jackson ImmunoReseach Laboratories
(West Grove, PA). Tyrosine phosphate-specific mAb, 4G10, was from Upstate
Biotechnology (Waltham, MA).

Plasmid construction and transfection
Plasmid pEVmb-1 HAN neo containing a functionally rearranged genomic clone of the
murine Igα gene with a hemagglutinin tag inserted at the N-terminal were kindly
provided by Dr. Anthony L. DeFranco. This gene was cut from the plasmid using NdeI
restriction enzyme and ligated it into the smaller plasmid pcDNA3 plasmid which
contains G418 resistance gene neo. The mutations of tyrosine, leucine or isoleucine to
alanine were engineered using complementary primers and PCR [156]. Mutant HA-Igαs
were generated using oligonucleotides with the following sequences: Y182A, 5’-GACT
ATGAAGATGAAAATCTCGCTGAGGGCCTGAACCTTG-3’; Y193A, 5’-GATGACT
GTTCTATGGCTGAGGACATCTCCAG-3’; YALA, 5’GACTATGAAGATGAAAATC
TCGCTGAGGGCGCGAACCTTGATGACTG-3’; YAIA, 5’GACTGTTCTATGGCTG
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AGGACGCCTCCAGGGGACTC-3’ (BioServe Biotechnologies, Laurel, MD).
Mutations were verified by DNA sequencing (Macrogen, Inc.). Double mutations
(Y182A/Y193A and Y2LAIA) were generated by using one oligonucleotide to create a
single mutation, verifying the sequence, then using a second oligonucleotide to create the
second mutation. Plasmid was transfected into A20 cells by electroporation. Stable
drug-resistant clones were selected in medium containing 0.75 mg/ml G418. Drugresistant clones were screened for expression of HA-Igα by flow cytometry.

Analysis of tyrosine phosphorylated proteins
Cells were incubated with anti-mouse IgG (20 µg/ml) at 4oC for 10 min, warmed to 37oC
for 2, 5, 10 and 20 min, and lysed in a buffer (1% NP-40, 20 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1 mM MgCl2, 1 mM EGTA, 1 mM Na3VO4, and protease inhibitors) at 4oC.
The cell lysate was analyzed by SDS-PAGE and Western blotting. The cell lysates
generated from an equal number of cells were loaded onto each well of gels. Blots were
probed with mAb 4G10.

Immunofluorescence microscopy
A20 cells were incubated with FITC-anti-µ for 40 min at 4oC on polylysine-coated slides
(Sigma, St. Louis, MO). The cells were then washed at 4oC and chased for varying
lengths of time at 37oC. After the chase, the cells were fixed by incubating them with 4%
paraformaldehyde in PBS for 20 min. For LAMP-1 staining, after the chase, cells were
fixed, and incubated with a permeabilization buffer (1% gelatin, 0.05% saponin, 10 mM
glycine, 10 mM HEPES, pH 7.4) for 15 min. They were then incubated with 1D4B mAb
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in the permeabilization buffer for 1 h. The cells were then washed and incubated for 30
min with TRITC-goat-anti-rat IgG. The cells were then washed, post-fixed and mounted
with Gel/Mount (Biomeda, Foster City, CA). Double immunofluorescence analyses were
carried out on a scanning laser confocal microscope (Zeiss LSM 510). Images were
acquired using a 100X oil immersion objective, and cropped using Photoshop (Adobe,
Mountain View, CA). Optical sections in the middle of cells were selected.

3.4 Results
The expression of wt and mutant HA-tagged Igα
We expressed either a wild-type (wt) or a mutated Igα in a murine B lymphoma A20 cell
line which express an endogenous IgG2a-based BCR. Both wt and mutated Igαs have an
extracellular hemagglutinin (HA) epitope tag to differentiate them from the endogenous
wt Igα. The mutated Igα contain one or more point mutations of residues of the ITAM
(Fig. 3-1). The mutant Igα Y182A contains a point mutation of the first tyrosine in the
ITAM to an alanine, while Igα Y193A contains a point mutation of the second tyrosine
in the ITAM to an alanine. The mutant Igα Y182A/Y193A contains both of these point
mutations. To study the putative internalization motifs YXXL/I, mutant Igα were also
created which contained mutations of both the tyrosine and its respective leucine or
isoleucine. The mutant Igα YALA contains two point mutations, the N-terminal ITAM
tyrosine and the downstream leucine mutated to alanines. The mutant Igα YAIA
contains two point mutations, the C-terminal ITAM tyrosine and the downstream
isoleucine mutated to alanines. The expression levels of HA-tagged Igα (HA-Igα) was
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Figure 3-1: Igα cytoplasmic tail sequence.

Protein sequence of the Igα cytoplasmic tail for wt and mutated Igαs, with the
immunoreceptor tyrosine activation motif marked with a box. The introduced mutations
are marked by bold letters. Numbering begins at the amino terminus.
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analyzed by flow cytometry using anti-HA mAb. Clones expressing wt or mutant HAIgα at similar levels were chosen for further analysis (Fig. 3-2A-F).

BCR-triggered protein tyrosine phosphorylation in B cells expressing mutated HA-Igα
To examine the effect of the transfected Igαs on BCR-induced signaling, we analyzed
protein tyrosine phosphorylation triggered by BCR cross-linking in transfected A20 cells.
Cells were incubated with anti-mouse IgG (20 µg/ml) at 4oC for 10 min, and then
warmed to 37oC for 2, 5, 10, and 20 min to activate the BCR. The cells were
immediately lysed at 4oC, and the cell lysates were analyzed using SDS-PAGE and
Western blot, probing for tyrosine phosphorylated proteins. Crosslinking the BCR in
A20 cells expressing wt HA-Igα induced protein tyrosine phosphorylation at a level
similar to that in untransfected A20 cells (Fig. 3-3A). The protein tyrosine
phosphorylation peaked at 2 min, followed by a decrease occurring by 5 min and
continuing through 20 min. The gross tyrosine phosphorylation level induced in A20
cells expressing HA-Igα Y182A was equivalent to that in A20 cells expressing wt HAIgα, which suggests that expression of this mutated HA-Igα does not affect the ability of
BCR to transduce signal. The A20 cells expressing HA-Igα Y193A showed a decreased
ability to induce signaling. Tyrosine phosphorylation did increase after 2 min, but not to
the level seen with A20 cells expressing wt or HA-Igα Y182A. Thus, this mutation
impairs BCR signal induction, but does not eliminate it. Induction of signaling was not
seen in A20 cells expressing HA-Igα Y182A/Y193A as there is no increase in protein
tyrosine phosphorylation after BCR crosslinking. Therefore, this double mutation
significantly reduced BCR signal induction.
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Figure 3-2: Expression wt and mutant HA-tagged Igα.

Cells were incubated with FITC-conjugated anti-HA antibodies at 4oC for 20 minutes,
then washed and then fixed for flow cytometry and analyzed with FACScan. A-C, grey
line is wt HA-Igα expression, dotted line is mutant HA-Igα expression. (A) HAIgα Y182A, (B) HA-Igα Y193A, (C) HA-Igα Y182A/Y193A. (D-F), black line is wt
HA-Igα expression, grey line is mutant HA-Igα expression. (D) HA-Igα YALA, (E)
HA-Igα YAIA, (F) HA-Igα Y2LAIA.
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Figure 3-3: Protein tyrosine phosphorylation in untransfected A20 and A20 cells
expressing HA-Igα.

(A) Cells were incubated with anti-mouse IgG (20 µg/ml) at 4oC for 10 min, and then
warmed to 37oC for 2, 5, 10 and 20 min to activate the BCR. The cells were immediately
lysed at 4oC. Equal amount of proteins from the cell lysate was loaded onto gel and
analyzed by SDS-PAGE and Western blot, probing with mAb 4G10 to detect tyrosine
phosphorylated proteins. The blots were stripped and reblotted with anti-mouse IgG
antibody for loading control. Shown is a representative blot of 4 independent
experiments. (B) Cells were treated as in (A), the cell lysates with equal amount of
proteins were subjected to immunoprecipitation using a polyclonal anti-Igα antibody.
The immunoprecipitation was then analyzed using SDS-PAGE and Western blot, probing
with mAb 4G10 to detect tyrosine phosphorylated proteins. The band at 36 kDa may be
Igβ, but this was not verified.
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Next we further studied the tyrosine phosphorylation of endogenously expressed Igα and
transfected HA-Igα. Igα was isolated from the cell lysate by immunoprecipitation using
a polyclonal anti- Igα antibody. The immunoprecipitation was analyzed using SDSPAGE and Western blot, probing for tyrosine phosphorylated proteins. In untransfected
A20 cells, two major tyrosine phosphorylated proteins, with molecular weights
corresponding to Igα and Igβ, become visible after BCR crosslinking (Fig. 3-3B),
showing the tyrosine phosphorylation of endogenous Igα and Igβ. By 20 min, their
phosphorylation level returned to the basal level. In cells expressing wt HA-Igα, the
phosphorylation levels of endogenous Igα and Igβ were similar to what was seen in
untransfected A20 cells. The tyrosine phosphorylation of wt HA-Igα was only detected
in A20 cells expressing wt HA-Igα, but not in untransfected A20 cells (Fig. 3-3B). The
phosphorylation level of wt HA-Igα was similar to that of the endogenous one. In A20
cells expressing HA-Igα Y182A, the phosphorylation levels of both endogenous Igα and
HA-Igα was reduced (Fig. 3-3B). The phosphorylation levels of endogenous Igα and
HA-Igα were further reduced in A20 cells expressing HA-Igα Y193A, and became
almost undetectable in A20 cells expressing HA-Igα Y182A/Y193A (Fig. 3-3B).

Taken together, these results suggest that Igα mutants, when coexpressed with the
endogenous wt Igα, can interfere with BCR signaling function. While both tyrosines of
the Igα ITAM are important for BCR signaling function, Y193A appears to have a more
essential role. This could mean that the 193 tyrosine has a more dominant role in
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signaling, or it may be that it plays a role in the phosphorylation of the 182 tyrosine,
which is why a decrease in signaling is seen.

Effects of Igα ITAM tyrosine mutations on its antigen internalization and transport
functions
Previous studies have indicated a role for Igα/Igβ cytoplasmic tails in the kinetics of
antigen uptake and specificity of antigen targeting [121-124]. To determine whether and
how the Igα ITAM is involved in BCR antigen transport, we analyzed the internalization
and intracellular trafficking of the Igα mutants. To determine the amount of HA-Igα
internalized, cells were incubated with biotin-conjugated anti-HA antibodies (10 µg/ml)
at 4oC and chased at 37oC for varying lengths of time. At the end of each time point,
cells were washed and incubated with TRITC-conjugated avidin (10 µg/ml) at 4oC.
Cells were washed again at 4oC and fixed for flow cytometry. Using the biotin-avidin
system ensured that only HA-Igα that was originally on the surface at zero time, and
therefore bound by the biotin-conjugated antibody, would be labeled by the TRITCconjugated avidin and therefore measured as being on the surface at the end of each time
point. As seen in Figure 3-4A, prelabeled surface wt HA-Igα reduced with time, with
70% of wt HA-Igα remaining at the cell surface at 5 min and 35% remaining at 40
minutes. The internalization kinetics of HA-Igα Y182A was similar to that of wt HAIgα (Fig. 3-4A). The mutation of Y193A and the double mutation Y182A/Y193A,
specifically the latter, significantly reduced internalization of Igα (Fig. 3-4A).
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Figure 3-4: Effect of the ITAM mutations on the internalization of Igα.

A20 cells that express wt or mutated HA-Igα were incubated with anti-HA mAb at 4oC,
washed, and chased at 37oC for varying lengths of time. At the end of each time point,
cells were washed and incubated with FITC-conjugated secondary antibody to label the
HA-Igα remaining on the surface after the chase. Cells were then fixed and analyzed by
flow cytometry. The amount of HA-Igα remaining on the surface was plotted as a
percentage of the amount of HA-Igα at time 0. Shown is the average (±S.D.) of three or
four independent experiments. * indicates a significant difference between mutated HAIgα and wt HA-Igα (p < 0.01).
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To follow the intracellular trafficking of the HA-Igα, the cells were incubated with FITCconjugated anti-HA antibodies at 4oC, washed and chased at 37oC for varying lengths of
time. Late endosomes were labeled with TRITC-conjugated LAMP-1-specific mAb. At
0 min, the wt HA-Igα shows staining at the surface while the LAMP-1 shows punctuate
staining in the cell periphery (Fig. 3-5A-a). At 10 min, the wt HA-Igα staining is
punctate on or near the surface, with some colocalization with LAMP-1 (Fig. 3-5A-e).
At 30 min the colocalization of wt HA-Igα with LAMP-1 increased, appearing either
punctuate or clustering near the surface (Fig. 3-5A-i). At 60 min, most cells showed the
colocalization of wt HA-Igα and LAMP-1, with both HA-Igα and LAMP-1 clustering in
a perinuclear location (Fig. 3-5A-m).

In order to phenotypically analyze of the immunofluorescence images, the cells in the
images were placed into one of four categories based on the cellular distribution of HAIgα and LAMP-1. The first phenotype is HA-Igα staining at the surface and punctuate
LAMP-1 staining near the surface. The second phenotype is punctate HA-Igα staining
on or near the surface, with some colocalization with punctate LAMP-1. The third
phenotype is more colocalization of HA-Igα with LAMP-1 clustering near the surface.
The fourth phenotype is colocalization of HA-Igα and LAMP-1 with perinuclear
clustering. At 0 min, most of the cells expressing wt HA-Igα show the first phenotype
(60%), and the percentage of cells in the first phenotype decreases with time (Fig. 3-5B).
By 10 and 30 min, the number of cells moved to the second and third phenotypes
increased. At 30 min, cells showing the fourth phenotype became detectable and
significantly increased by 60 min (Fig. 3-5B).
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Figure 3-5: Effect of tyrosine mutations of Igα ITAM on the intracellular
trafficking of Igα.

(A) Cells were incubated with FITC-conjugated anti-HA antibodies at 4oC, washed, and
chased at 37oC for varying lengths of time. Late endosomes were labeled with LAMP-1specific mAb and a TRITC-conjugated secondary antibody after fixation and
permeabilization. Cells were analyzed using a confocal fluorescence microscope. (B)
Cells in the immunofluorescence images were categorized into four different phenotypes
based on the cellular distribution of HA-Igα and LAMP-1. A range of 50-150 cells were
taken from each mutant and each time point. The number of cells showing each of the
four phenotypes were counted and plotted as a percentage of the total number of cells in
the images. Shown is the average (±S.D.) of three or four independent experiments.
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The HA-Igα Y182A showed similar staining patterns as wt HA-Igα at each time point
(Fig. 3-5A-b, f, j, n), indicating that the mutation did not interfere with BCR-triggered
LAMP-1+ compartment aggregation or the trafficking of the HA-Igα Y182A. Compared
to wt HA-Igα, the Igα Y182A followed the same cellular distribution pattern with time.
This indicates that the Y182A mutation did not impair the ability to properly traffic to
late endosomes (Fig. 3-5B).

Compared to wt HA-Igα, at each time point there were more cells with HA-Igα Y193A
remaining on its surface (Fig. 3-5A-c, g, k and o), indicating that the HA-Igα Y193A
BCR does not internalize as well. At 10 min the HA-Igα Y193A staining is similar to wt
HA-Igα (Fig 3-5A-e and g). At 30 min, more colocalization of HA-Igα Y193A and
LAMP-1 is seen, and some clustering of the LAMP-1+ compartments is seen in the cell
periphery (Fig 3-5A-k), although not as much compared to wt HA-Igα (Fig. 3-5A-i). At
60 min the cells look similar to those at 30 minutes (Fig. 3-5A-o), with few showing
LAMP-1+ compartment clustering at a perinuclear location as is seen with wt HAIgα (Fig. 3-5A-m). This indicates that although the HA-Igα Y193A is trafficked to the
LAMP-1+ compartments and induces clustering, it does not cause the compact
perinuclear clustering as seen with wt HA-Igα. This trend is also seen when looking at
the distribution of phenotypes (Fig 3-5B). At 0 min, cells expressing HA-Igα Y193A are
similar to cells expressing wt HA-Igα. At 10 min, cells expressing HA-Igα Y193A have
more cells of the first phenotype compared to wt HA-Igα, but about the same number of
the second phenotype. At 30 min, cells expressing HA-Igα Y193A have many of the first
and second phenotypes (87%) compared to wt HA-Igα (64%). There is an increase in the
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number of the third phenotype, but fewer that wt HA-Igα (13% vs. 31%), and there are
none of the fourth phenotype, though at this time wt HA-Igα has some cells in this group
(5%). At 60 min, cells expressing HA-Igα Y193A have mostly cells of the first two
phenotypes (81%). The percent of cells of phenotype three (17%) and four (2%) are far
fewer than wt HA-Igα (25% and 22%, respectively). Therefore, HA-Igα Y193A has
reduced kinetics of movement to the LAMP-1+ compartments, a lower level of LAMP-1+
compartment clustering, and BCR-triggered translocation of LAMP-1+ compartments
from the cell periphery to a perinuclear location.

Compared to wt HA-Igα, at each time point there were more cells with HA-Igα
Y182A/Y193A remaining on its surface (Fig. 3-5A-d, h, l and p), indicating that the HAIgα Y193A BCR does not internalize as well. At 10 min, most of the HA-Igα
Y182A/Y193A BCR staining is still at or near the surface, with little to no colocalization
with LAMP-1+ compartments as seen with wt HA-Igα at this time (Fig. 3-5A-e, h). At
30 min, much of the HA-Igα Y182A/Y193A staining is punctate at or near the surface,
with some colocalization of HA-Igα Y182A/Y193A with punctate LAMP-1 (Fig. 3-5Al). This is less colocalization than seen with wt HA-Igα, and there is no clustering of
LAMP-1+ compartments as is seen with wt HA-Igα at this time (Fig. 3-5A-i). At 60 min,
many cells expressing Igα Y182A/Y193A show staining at or near the surface, with
some colocalization of HA-Igα Y182A/Y193A with LAMP-1 and a few are showing
clustering of the LAMP-1+ compartments at the cell periphery (Fig. 3-5A-p). At this time
point wt HA-Igα shows more LAMP-1 clustering and movement to a perinuclear
location (Fig. 3-5A-m). This suggests that the HA-Igα Y182A/Y193A has greatly
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reduced internalization kinetics and impaired ability to cluster the LAMP-1+
compartments compared to wt HA-Igα. The phenotypic analysis confirms the difference
between HA-Igα Y182A/Y193A and wt HA-Igα (Fig 3-5B). At 10 min, the vast
majority of the cells expressing HA-Igα Y182A/Y193A are of the first phenotype (96%),
with just a few of the second phenotype (4%). At 30 min, all of the cells expressing HAIgα Y182A/Y193A are still of the first or second phenotype. In comparison, wt HA-Igα
at this time has many cells of the third phenotype (31%) and some of the fourth
phenotype (5%). At 60 min, most of the cells expressing HA-Igα Y182A/Y193A are
still first or second phenotype (90%), with a few of the third (8%) and fourth phenotype
(1%). At this time point, wt HA-Igα has fewer of the first and second phenotype and
more of the third (25%) and fourth phenotype (22%). Thus, the HA-Igα Y182A/Y193A
is impaired in trafficking and has a greatly reduced ability to cluster the LAMP-1+
compartments and induce their movement to a perinuclear location in comparison to the
wt HA-Igα.

Effects of Igα ITAM tyrosine mutations on LAMP-1+ compartment clustering
When the cell images were analyzed to put the cells into either LAMP-1+ compartment
clustering or no clustering, we see that cells expressing HA-Igα Y182A have the same
number of cells with LAMP-1 clustering as wt HA-Igα at all time points (Fig. 3-6). At
all time points cell expressing HA-Igα Y193A have far fewer cells with clustering of
LAMP-1+ compartments compared to wt HA-Igα (Fig. 3-6). The number of cells
expressing HA-Igα Y182A/Y193A with LAMP-1 clustering is greatly reduced compared
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Figure 3-6: Effect of mutations of Igα ITAM on signaling triggered redistribution
of LAMP-1+-compartment.

Cells with LAMP-1 staining dispersed at the cell periphery or clustered at the perinuclear
location were counted and plotted as a percentage of the total number of each images.
Shown are the average (±S.D.) results from three or four independent experiments.
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to wt HA-Igα at all time points, but is equal to the amount clustering induced by HA-Igα
Y193A (Fig. 3-6).

Effects of mutations of Igα ITAM putative internalization motifs on its antigen
internalization and transport functions
Figure 3-4B shows that the double mutation of Y182A/L185A does not affect the
internalization capability of HA-Igα YALA. The amount of HA-Igα YALA internalized
after 60 minutes is equivalent to that internalized by the wt HA-Igα (Fig. 3-4B), and HAIgα Y182A (Fig. 3-4A). The amount of HA-Igα YAIA internalized after 60 minutes is
equivalent to that internalized by the wt HA-Igα (Fig. 3-4B), although it appears to have
slower kinetics. HA-Igα Y2LAIA has decreased internalization compared to the wt HAIgα. Its internalization appears to be somewhat slower compared to the HA-Igα
Y182A/Y193A, but by 40 minutes their amount of internalization is equal (Fig 3-4A).
Thus, the additional leucine or isoleucine mutations did not cause a greater defect in
internalization.

The immunofluorescence data indicates that although HA-Igα YALA is being
internalized, it does not traffic the same as wt HA-Igα. At 10 min HA-Igα YALA
staining is similar to wt HA-Igα and HA-Igα Y182A (Figs. 3-7A-e, f and 3-5A-f). At 30
min most HA-Igα YALA staining is still at or near the surface, with a few cells showing
colocalization of HA-Igα YALA and clustered LAMP-1+ compartments at the cell
periphery (Fig. 3-7A-j). In comparison, many cells expressing wt HA-Igα have LAMP1+ compartment clustering and show movement of the clustered compartments to a
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Figure 3-7: Effect of tyrosine, leucine, and isoleucine mutations on the intracellular
trafficking of Igα.

The experiments were carried out and data were analyzed as described in Figure 5.
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perinuclear location. At 60 min, many cells expressing HA-Igα YALA still show
colocalization of HA-Igα YALA and punctate or periphery-clustered LAMP-1+
compartments, with little to no perinuclear clustering (Fig. 3-7A-n). Cells expressing wt
HA-Igα have a significant amount of perinuclear clustered LAMP-1+ compartments at
this time (Fig. 3-7A-m). The phenotypic analysis confirms this. In Figure 3-7B it can be
seen that at all time points, HA-Igα YALA has fewer of the later phenotypes than wt HAIgα. HA-Igα YALA has a similar phenotypic pattern to HA-Igα Y182A, with the
exception of HA-Igα YALA having little to no cells of phenotype four (Fig. 3-8A). This
data indicates that the double mutation of Y182A/L185A does not affect trafficking of
the HA-Igα YALA to LAMP-1+ compartments and does not prohibit it from inducing
LAMP-1 clustering, but the movement of these clustered compartments from the surface
to the perinuclear region is affected.

The immunofluorescence pictures show that at 10 min, HA-Igα YAIA staining is on or
near the surface with some colocalization of HA-Igα YAIA with LAMP-1 (Fig. 3-7A-g).
At 30 min, cells expressing HA-Igα YAIA show more colocalization with punctate
LAMP-1+ compartments and some clustering of LAMP-1+ compartments at the cell
periphery, but many of the cells are still showing no colocalization (Fig. 3-7A-k). At this
time cells expressing wt HA- Igα have more cells with clustering of LAMP-1+
compartments and some movement of these clustered compartments to a perinuclear
location (Fig. 3-7A-i). At 60 min, the HA-Igα YAIA shows less surface staining and the
cells have more surface clustering of colocalized LAMP-1 (Fig. 3-7A-o). This is similar
to the HA-Igα Y193A at this time, but the cells expressing wt HA-Igα have much more
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Figure 3-8: Comparison of phenotypes of HA-Igα with tyrosine mutations and
tyrosine/leucine double mutations.

Data from Figure 5B and Figure 7B were regrouped to compare the intracellular
trafficking of HA-Igα with tyrosine mutations only and HA-Igα with both tyrosine and
leucine or isoleucine mutations. (A) Comparison of phenotypes of cells transfected with
HA-Igα Y182A and HA-Igα YALA. (B) Comparison of phenotypes of cells transfected
with HA-Igα Y193A and HA-Igα YAIA. (C) Comparison of phenotypes of cells
transfected with HA-Igα Y182A/Y193A and HA-Igα Y2LAIA.
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perinuclear clustering of LAMP-1+ compartments. The trafficking of HA-Igα YAIA is
impaired compared to wt HA-Igα but similar to HA-Igα Y193A. The phenotypic
analysis shows that cells expressing HA-Igα YAIA lag behind wt HA-Igα in expressing
the later phenotypes (Fig. 3-7B), but that its phenotypic pattern is similar to HA-Igα
Y193A (Fig. 3-8B). This data indicates that the HA-Igα YAIA has a similar defect in
trafficking, clustering LAMP-1+ compartments and inducing movement of clustered
LAMP-1+ compartments to perinuclear clustering as HA-Igα Y193A.

As seen in Figure 3-7A, HA-Igα Y2LAIA staining is mostly at or near the surface with
little to no colocalization of HA-Igα Y2LAIA with punctate LAMP-1 at all time points
after 0 min (Fig. 3-7A-h, l and p). This is obviously a defect compared to wt HAIgα (Fig. 3-7A-e, i and m), but is similar to what is seen with HA-Igα Y182A/Y193A
(Fig 3-5A-h, l and p). Cells expressing HA-Igα Y2LAIA have a very different
phenotypic pattern compared to cells expressing wt HA-Igα, in that most cells are of the
first and second phenotype for all time points (Fig.3-7B), but this a similar phenotypic
pattern as is seen for HA-Igα Y182A/Y193A (Fig. 3-8C). Thus, the quadruple mutation
causes a greater impairment of trafficking than any of the other mutations. HA-Igα
Y2LAIA takes longer to colocalize with punctate LAMP-1+ compartments, induces little
clustering of colocalized LAMP-1+ compartments and does not induce movement of the
clustered compartment to a perinuclear location.
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3.5 Discussion
The BCR is a dual function receptor. Upon being bound by antigen, it initiates signaling
cascades, and subsequently internalizes antigen for processing and presentation. The
BCR initiated signaling has been shown to upregulate BCR-mediated antigen processing
and presentation by accelerating antigen internalization, specifically targeting antigen to
the processing compartment, and increasing expression of MHC class II and CD86 [95,
97, 122, 124, 125, 157]. It is not clear how BCR signaling regulates the internalization
and trafficking of antigen, an initiation step of antigen processing. It has been
demonstrated that the Igα/Igβ heterodimer is essential for this regulation, as mutated
IgMs that lack association with Igα/Igβ or chimeras of Igα or Igβ alone do not transport
and present antigen as efficiently as wt BCR [8-11, 94, 151]. In this study, we examined
the role of the Igα cytoplasmic tail in the regulation of intracellular trafficking of the
BCR, specifically how its ITAM, which has a key signaling role and contains putative
internalization motifs as well, influences the internalization and movement of BCR
through the endocytic pathway.

Most previously published studies used chimeric proteins that contain the cytoplasmic
tail of either Igα or Igβ [95, 121-124, 154]. These chimeras do not form disulfide-links
with each other or with endogenous Igα or Igβ and do not interact with mIg, the antigenbinding component of BCR. In this study, we express wt and mutated HA-Igα in a B cell
lymphoma line that express mIgG2a-based BCR. Previously unpublished results from
another member of Dr. Song’s laboratory showed that transfected HA-Igα formed a
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disulfide-linked heterodimer with endogenous Igβ and non-covalently associated with
mIg in A20 cells. Such a model system allowed us to study the function of Igα in the
BCR complex.

A previous study showed that when a chimera complex that contained a wt
Igβ cytoplasmic tail and an Igα cytoplasmic tail with both ITAM tyrosines mutated to
alanines failed to initiate signaling and to present antigen [124]. Here, we examined the
effect of mutating each tyrosine in Igα’s ITAM individually as well as in combination on
the internalization and intracellular trafficking of the BCR. The point mutation of the Nterminal tyrosine of Igα ITAM, Y182A, appeared to have little effect on BCR-triggered
protein tyrosine phosphorylation, the internalization of the HA-Igα, and trafficking of the
HA-Igα to the LAMP-1+ compartments, a step known to be important for efficient
antigen presentation [127]. The Y182A mutation of Igα did reduce BCR-triggered
tyrosine phosphorylation of both transected HA-Igα and endogenously expressed wt Igα.
It may seem a contradiction that the Y182A mutation had little effect on the overall BCRtriggered protein tyrosine phosphorylation but had a definite effect on the
phosphorylation of both transected HA-Igα and endogenously expressed wt Igα. This
could be due to the fact that Igβ, which also has an ITAM, is inducing signaling that
compensates for the lack of tyrosine phosphorylation of the Igαs. In contrast, the point
mutation of the C-terminal tyrosine of Igα ITAM, Y193A, decreased the level of BCRtriggered protein tyrosine phosphorylation, the level of tyrosine phosphorylation of HAIgα and endogenous Igα, and reduced the internalization kinetics of HA-Igα and
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movement of HA-Igα to LAMP-1+ compartments. This mutation causes defects in both
BCR signaling and antigen transport functions. In cells expressing HA-Igα with both
tyrosines of Igα mutated, HA-Igα Y182A/Y193A BCR-triggered protein tyrosine
phosphorylation and Igα tyrosine phosphorylation was dramatically reduced, and the
tyrosine phosphorylation of HA-Igα Y182A/Y193A was completely abrogated. The
internalization of HA-Igα Y182A/Y193A was greatly reduced and its movement to
LAMP-1+ compartments was impaired compared to wt BCR. In cells expressing HA-Igα
Y182A/Y193A, BCR-triggered the translocation of LAMP-1+ compartments from the
cell periphery to perinuclear location was almost undetectable. This defect in LAMP-1+
compartment translocation was even more pronounced in cells expressing HA-Igα
Y182A/Y193A than in cells expressing the Igα Y193A. Thus, this double tyrosine
mutation severely impaired BCR signaling and antigen transport function. Our results
are consistent with a previous study using Igα chimeric protein, where it was shown that
an Igα chimera with both ITAM tyrosines mutated is defective in both signaling and
antigen presentation [127]. Taken together, the results presented in this study
demonstrate that the tyrosines of Igα ITAM are important for both the signaling and
antigen transport functions. Comparing the two tyrosines of the ITAM, the C-terminal
tyrosine appears to have a more essential role. This could mean that the 193 tyrosine has
a more dominant role in signaling, or it may be that it plays a role in the phosphorylation
of the 182 tyrosine, which is why a decrease in signaling is seen when the 193 tyrosine is
mutated.
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The sequence YXXΦ (Φ is a bulky, hydrophobic amino acid) has been found to be an
internalization motif for clathrin-mediated internalization. Each ITAM contains two
YXXΦ sequences. In this study, we further tested whether the leucine and isoleucine in
the ITAM of the Igα cytoplasmic tail play a role in BCR-mediated antigen transport
function. HA-Igα YALA internalized with similar kinetics as wt HA-Igα and HA-Igα
Y182A BCR. HA-Igα YAIA also appeared to internalize well, but its trafficking was
greatly affected, comparable to HA-Igα Y193A, with little LAMP-1+ compartment
clustering. HA-Igα Y2LAIA had reduced internalization and a great defect in
trafficking, equivalent to the HA-Igα Y182A/Y193A. Thus, mutating the associated
leucine or isoleucine along with its associated tyrosine did not appear to cause a greater
trafficking defect.

Although it is not clear how BCR internalization and trafficking is regulated, previous
studies showed that BCR-mediated signaling is involved. B cells in which BCR
signaling function is inhibited do not show accelerated BCR-mediated antigen transport
and have greatly reduced antigen presentation. Here, we show that the tyrosine mutations
of Igα inhibited both BCR signaling and antigen transport function. Interestingly, there
is a correlation between the levels of signaling defects and intracellular trafficking detects
of Igα mutants. HA-Igα Y182A still initiates signaling and has internalization and
trafficking kinetics similar to wt BCR. On the other hand, HA-Igα Y193A has reduced
signaling and reduced internalization and trafficking kinetics. Such a correlation suggests
that the signaling and antigen functions of the BCR are interrelated, and the Igα ITAM
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plays an important role in linking these two functions of the BCR. The signaling function
of the Igα ITAM has been well studied [9, 11, 61]. However, its role in BCR-mediated
antigen transport is unclear. The Igα ITAM could regulate the intracellular trafficking of
the BCR indirectly by initiating signaling cascades. BCR-initiated signaling has been
shown to regulate BCR internalization by phosphorylating clathrin heavy chain in lipid
rafts [128]. In addition, BCR-triggered signaling has been shown to induce the
redistribution of LAMP-1+ compartments from the cell periphery to a perinuclear
location and coalescing the processing compartments. Here we found a correlation
between the signaling defects of Igα ITAM mutations with their inability to induce the
translocation of LAMP-1+ compartments. This further supports the notion that the Igα
ITAM is involved in the intracellular trafficking of BCR through its signaling function.

Another possibility is that the Igα ITAM has a direct function in BCR internalization and
targeting to the processing compartment. The YXXΦ sequences in the Igα ITAM could
serve as internalization motifs and provide binding sites for clathrin adaptor protein upon
dephosphorylation by phosphatase. It is known that the BCR is internalized by clathrinmediated endocytosis. What is known from other systems is that the first step in the
formation of the clathrin coats is the recruitment of adaptor protein (AP) to the receptor
[158]. AP-2 is the adaptor protein involved in endocytosis. It is not known exactly how
adaptor proteins find their way to the correct receptor, but they have been shown to
interact with the internalization motifs carried by the cytoplasmic tails of receptors [155].
Previous studies have shown that upon crosslinking, the BCR moves into lipid rafts,
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where initiation of signaling occurs [128, 159]. The phosphorylation of clathrin heavy
chain in lipid rafts is required for BCR internalization [128]. It is possible that the ITAM
is not only important for signaling, but it is also important to create a docking site for AP2, which then associates with the phosphorylated clathrin and leads to internalization. In
addition, the phosphorylation of the Igα ITAM could change the conformation of the
cytoplasmic tails of the BCR, which exposes the internalization motif outside the ITAM.
Since the Igα ITAM mutations inhibited both the signaling and internalization functions
of the BCR and the additional mutation of isoleucine or leucine in the ITAM did not
enhance the internalization defect of the BCR, our data could not confirm or exclude the
possibility of the Igα ITAM serving as binding sites for the endocytosis machinery or
regulating the binding of the endocytosis machinery with the BCR. Further studies are
required to answer these questions.

One interesting find is that expression of mutated Igα reduced not only the tyrosine
phosphorylation of transfected Igα, but also the gross levels of cell protein tyrosine
phosphorylation and the tyrosine phosphorylation level of endogenous Igα triggered by
cross-linking mIg. This indicates that transfected Igα mutants interfere with the function
of endogenous wt Igα. This further confirms that transfected Igα can form BCR
complex with endogenous mIg and Igβ. Upon cross-linking mIg, transfected Igα that
associated with mIg is able to aggregate with endogenous wt Igα, and through the BCR
cross-linking aggregates mutated Igα can interfere with the function of endogenous wt
Igα. The effect of the coexpressed mutated Igα on the phosphorylation of endogenous
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wt Igα suggests that in the cross-linking BCR aggregates, each BCR complex does not
function independently.

The important observations made in this study are that the tyrosines of the Igα
cytoplasmic ITAM are not only important for BCR signaling, but also critical for proper
internalization and trafficking of the BCR. Signaling through the Igα ITAM is not only
important as the first step in activating the BCR, it also appears to be essential for the
rapid internalization and proper trafficking of antigen to the MIIC compartments to allow
efficient presentation of antigen to T cells.
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Chapter IV. General Discussion
B lymphocytes are among the most efficient cells of the immune system in capturing,
processing, and presenting antigen to T cells, a crucial event in the humoral immune
response. B cells differ from other antigen presenting cells in that they are clonal specific
and usually only capture and process antigens recognized by the BCR. This mechanism
is much more efficient than other ways by which antigen might gain access to the antigen
processing compartments, such as pinocytosis [149]. Multivalent antigen, which is
specifically binds the BCR, is transported to the antigen processing compartments much
more rapidly than monovalent antigens, which do not crosslink the BCR [152].
Crosslinking the BCR initiates both the signaling cascade and the rapid internalization of
the BCR, which is one of many indications that BCR signaling and antigen transport
functions are linked. How they are interrelated and how BCR signaling regulates BCR
transport have not been elucidated. The main goal of this work was to delineate the role
of the Igα/Ιgβ, the known signaling component of the BCR, in BCR-mediated antigen
processing and transport.

4.1 General conclusions
First, I examined the effects of dissociating mIgM, the antigen binding component, from
Igα/Igβ heterodimer, the signaling component of the BCR, on the internalization and
intracellular transport of the mIgM. Previous studies have shown that cells with mIgM
that no longer associate with Igα/Igβ not only fail to initiate signaling, but have greatly
reduced antigen processing and presentation [8-11, 94, 151]. The goal of this study was
to determine if the reduced antigen presentation efficiency was due to reduced
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internalization, improper transport of BCR-antigen complexes in the endocytic pathway,
and/or lack of entry of antigen into the antigen processing compartments. To test this
hypothesis, I expressed either a wild type (wt) of murine IgM or a murine mIgM
containing two point mutations of the transmembrane domain (YS/VV) that disrupt the
association of mIgM with Igα/Igβ in B cell lymphoma A20 cells. I found that while both
wt µ and µ YS/VV were expressed on the cell surface at a similar level, µ YS/VV had
reduced abilities to initiate protein tyrosine phosphorylation and to facilitate antigen
processing and presentation (Fig. 2-4 and 2-5), which is consistent with previous studies
[8-11, 94, 151].

I further examined the effect of the mutation on the internalization and

intracellular trafficking of the BCR and found that the YS/VV mutation appeared to
block both the constitutive and crosslinking stimulated internalization, as well as the
movement of the BCR from the plasma membrane to the late endosomes (Figs. 2-6 and
2-7). Thus, Igα/Igβ is essential for antigen processing because it allows for rapid
internalization and transport of the BCR to the late endosomal compartments.

To test how BCR-triggered signaling regulates BCR-mediated antigen transport function,
we examined how the signaling triggered by endogenous wt BCR influences the
internalization and intracellular movement of mIgM YS/VV that failed to initiate
signaling. It was found that cross-linking the endogenous wt BCR triggered a normal
level of protein tyrosine phosphorylation in mIgM YS/VV-expressing cells (Fig. 2-4).
However, endogenous BCR-triggered signaling did not restore the defects of mIgM
YS/VV in internalization and movement to the antigen processing compartments (Figs 27 and 2-8). This supports the notion that the association of mIg with Igα/Igβ is critical
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for the efficient internalization and transport of antigens for processing and presentation,
and the signaling from neighboring receptors cannot substitute the role of Igα/Igβ
directly associated with mIgM.

The mechanism by which the Igα/Igβ functions molecularly in the internalization and
intracellular trafficking of the BCR remains to be elucidated. There are two possibilities.
Signaling mediated through Igα/Igβ may regulate the endocytosis and endocytic
trafficking machineries. Another possibility is the cytoplasmic tails of Igα/Igβ provide
the binding sites for the endocytosis and endocytic trafficking machineries to bind.
Interestingly, the ITAM motifs in the cytoplasmic tails of Igα/Igβ not only are the key
element for BCR signaling functions, they also contain putative endocytosis motif YXXφ
(φ is a bulky and hydrophobic amino acid).

To determine if the ITAM motifs of the Igα/Igβ cytoplasmic tails are important for
regulation of BCR internalization and intracellular transport, I studied the effect of
various mutations of the Igα ITAM on the movement of the BCR. I found that the point
mutation of the N-terminal tyrosine of Igα ITAM (HA-Igα Y182A) appeared to have
little effect on BCR-triggered protein tyrosine phosphorylation, the internalization of the
HA-Igα, and trafficking of the HA-Igα to the LAMP-1+ compartments (Figs. 3-3A, 3-4,
and 3-5). In contrast, the point mutation of the C-terminal tyrosine of Igα ITAM (HAIgα Y193A) decreased the level of BCR-triggered protein tyrosine phosphorylation and
reduced the internalization kinetics of HA-Igα and movement of HA-Igα to LAMP-1+
compartments (Figs. 3-3, 3-4 and 3-5). Therefore, this mutation causes defects in both
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BCR signaling and antigen transport functions. In cells expressing HA-Igα with both
tyrosines of Igα mutated, Igα (HA-Igα Y182A/Y193A) BCR-triggered protein tyrosine
phosphorylation was dramatically reduced. The internalization of HA-Igα
Y182A/Y193A was greatly reduced and its movement to LAMP-1+ compartments was
impaired compared to wt BCR. In cells expressing HA-Igα Y182A/Y193A, BCRtriggered translocation of LAMP-1+ compartments from the cell periphery to a
perinuclear location was almost undetectable. This defect in LAMP-1+-compartment
translocation was even more pronounced in cells expressing HA-Igα Y182A/Y193A than
in cells expressing HA-Igα Y193A. Thus, this double tyrosine mutation severely
impaired BCR signaling and antigen transport function. I also studied the potential
internalization motifs (YXXφ) by mutating both the tyrosine and its associated leucine or
isoleucine, as well as mutating all four residues at once. These mutations did not enhance
the internalization defect of the HA-Igα, therefore it cannot be concluded from this data
whether these are internalization motifs that are necessary in addition to the signaling that
is initiated through the tyrosines of the ITAM. These experiments do show that the
tyrosines of the Igα cytoplasmic ITAM are not only important for BCR signaling, but
also critical for proper internalization and trafficking of the BCR.

In conclusion, the association of the mIgM with the Igα/Igβ is essential for rapid
internalization and proper transport of BCR through the endocytic pathway to the antigen
loading compartments. The tyrosines of the Igα ITAM, particularly the C-terminal
tyrosine at 193, are necessary for optimization of these processes. It appears that the
signaling role of the Igα/Igβ is closely associated with its role in antigen transport for
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antigen processing, since when there is intact signaling function of the mutated Igα, there
is rapid internalization and efficient transport of the BCR, but when there is reduced
signaling function of the mutated Igα, a defect in BCR internalization and intracellular
trafficking were observed. Therefore, Igα/Igβ heterodimer of the BCR regulates the
movement of the BCR from the plasma membrane and through the endocytic pathway to
the antigen processing compartment through activating signaling cascades.

4.2 Future experiments
The study described here supports the idea that signaling function of the BCR is
important in increasing the efficiencies in antigen uptake, transport and presentation.
Future work is needed to further understand the molecular mechanism by which BCRmediated signaling regulates its antigen transport function. Compared to the chimeric
systems used in most previous studies, our experimental system, where mutated mIgM or
Igα were expressed in B cells expressing endogenous mIg and Igα/Igβ, allows the
transfected mIg and Igα to interact with endogenous partner. However, such a system
may hinder clearly determining the role of Igα/Igβ in regulation of BCR transport. In the
case of transfected HA-Igα, the endogenous Igα may associate with the transfected HAIgαs upon crosslinking and compensate the functional defects of mutated HA- Igα. For
instance, even when both ITAM tyrosines were mutated, we still saw some
internalization and transport to LAMP-1+ compartments of the HA-Igα Y182A/Y193A.
This could be due to several reasons, such as the tyrosines being important but not
essential for these processes, or it could be due to the endogenous Igαs compensating for
the mutated Igαs. It would be interesting to repeat the experiments done with the
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mutated Igαs using the J558µm cell line. This cell line does express mIgM but does not
express Igα. Transfecting these cells with mutated Igα would ensure that the effects seen
are due to the mutations, and not due to the influence of endogenous Igα. If the cells
transfected with mutant Igα show abrogation of internalization and transport of the BCR
compared to the cells transfected with wt Igα, this would be a stronger indication that
signaling is required for optimum BCR transport. One issue with this cell line is that it is
a myeloma cell line, not a lymphoma cell line, but many researchers have used this cell
line to study the BCR [20, 160, 161].

The putative internalization motifs found in the Igα ITAM have the sequence YXXφ,
where φ is a bulky hydrophobic amino acid. In order to separate the role of signaling
from the role of the putative internalization motifs in the regulation of transport of the
BCR, it would be interesting to repeat the experiments done with the Igα mutants using
Igα that has either or both tyrosines mutated to phenylalinines. Since phenylalanine has a
similar structure to tyrosine but cannot be phosphorylated, this could be a way to not
allow signaling to occur but possibly keep the same conformation of the internalization
motif. Another idea would be to mutate only the leucine or isoleucine, or both, to an
alanine. But by mutating the φ residue of the putative internalization motif we would be
changing the ITAM as well, since the putative internalization motifs are imbedded in the
ITAM. If these experiments were done, it would have to be verified that these mutations
are not affecting phosphorylation or signaling at all. The, if there was still a defect in
internalization and intracellular transport of the BCR in cells expressing these mutated
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Igαs, this would indicate that these are necessary targeting motifs, as well as sites of
signaling.

Previous work in our lab showed that AP-2, clathrin, and dynamin all become rapidly
recruited to the plasma membrane upon BCR crosslinking, but this recruitment is
inhibited by a Src kinase inhibitor, indicating that signaling is important for this event
[128]. Work on other receptors has shown that clathrin-mediated endocytosis relies on an
internalization motif in the cytoplasmic tail of the receptor [155, 162]. Experiments
should be undertaken to further examine the role of signaling and the potential
internalization motifs in BCR clathrin-mediated endocytosis. Each of the ITAM
tyrosines should be mutated individually and in combination. After transfection of the wt
and mutant Igα into A20 and J558µm cells, the intracellular distribution of AP-2, clathrin
and dynamin should be observed using immunofluorescence microscopy. A defect in
recruitment of these molecules to the plasma membrane after crosslinking of the BCR in
cells expressing mutant Igα compared to cells expressing wt Igα would indicate that
signaling or the potential internalization motifs are important for this action. These
experiments should be repeated with Igα in which the leucine or the isoleucine of each
putative internalization motif are mutated individually or in combination. A defect in
recruitment of these molecules to the plasma membrane after crosslinking of the BCR in
cells expressing mutant Igα compared to cells expressing wt Igα would indicate that
these are required internalization motifs. An absence of defects with these mutations but
a presence of defects with the tyrosine mutations would indicate that signaling, not the
internalization motifs, is essential for efficient movement of the BCR. All of these
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experiments would give us more insight into how signaling may be regulating BCR
movement and if the putative internalization motifs are necessary for efficient
internalization and intracellular transport of the BCR.

4.3 Implications
Antigen presentation by B lymphocytes to T lymphocytes is required to mount highaffinity humoral responses to invading pathogens. When antigen binds and crosslinks the
BCR, signaling is initiated, the first signal required to activate the B cell. The BCR is
internalized and transported through the endocytic pathway to the antigen loading
compartments. Antigen that has been loaded into MHC class II molecules is presented
on the surface, and recognition of the antigen peptide:MHC class II complex by a T cell
leads to the second activation signal for the B cell. The B cell then proceeds to produce
and secrete antigen-specific antibody. These specific antibodies will opsonize pathogens,
neutralize toxins, and activate the complement system. Obviously, without proper
presentation of antigen by B cells, the human immune system is much less effective and
the vaccines that we rely upon to help fight disease by giving our immune system a “first
look” at foreign antigens would be useless. Therefore, understanding in detail how the
process of antigen internalization and intracellular transport occurs and how it is
regulated is very important. Although the research explained here is not clinical, it does
contribute to the foundation of understanding of how antigen is efficiently presented,
which could lead to therapeutic intervention in the future. For instance, in autoimmune
diseases such as systemic lupus erythematosus and diabetes, B cell presentation of self
antigens to T cells is necessary for propagation of disease. In systemic lupus
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erythematosus, recognition of presented antigen by the T cell activates the B cell to
produce high-affinity autoantibodies [163]. In diabetes, presentation of a particular
antigen by B cells is necessary to eliminate T cell tolerance to islet beta cells [164].
Thus, understanding how B cells regulate efficient processing and presentation of antigen
would be important for creating therapeutics to down-regulate these activities to treat
such diseases.

125

REFERENCES
1.

Thompson, J.S., et al., BAFF binds to the tumor necrosis factor receptor-like
molecule B cell maturation antigen and is important for maintaining the
peripheral B cell population. J Exp Med, 2000. 192(1): p. 129-35.

2.

Matsuda, F. and T. Honjo, Organization of the human immunoglobulin heavychain locus. Adv Immunol, 1996. 62: p. 1-29.

3.

Oettinger, M.A., et al., RAG-1 and RAG-2, adjacent genes that synergistically
activate V(D)J recombination. Science, 1990. 248(4962): p. 1517-23.

4.

Bassing, C.H., W. Swat, and F.W. Alt, The mechanism and regulation of
chromosomal V(D)J recombination. Cell, 2002. 109 Suppl: p. S45-55.

5.

Blanden, R.V. and E.J. Steele, A unifying hypothesis for the molecular mechanism
of somatic mutation and gene conversion in rearranged immunoglobulin variable
genes. Immunol Cell Biol, 1998. 76(3): p. 288-93.

6.

Stewart, A.K. and R.S. Schwartz, Immunoglobulin V regions and the B cell.
Blood, 1994. 83(7): p. 1717-30.

7.

Schatz, D.G., M.A. Oettinger, and M.S. Schlissel, V(D)J recombination:
molecular biology and regulation. Annu Rev Immunol, 1992. 10: p. 359-83.

8.

Shaw, A.C., et al., Mutations of immunoglobulin transmembrane and cytoplasmic
domains: effects on intracellular signaling and antigen presentation. Cell, 1990.
63(2): p. 381-92.

9.

Grupp, S.A., et al., Signaling-defective mutants of the B lymphocyte antigen
receptor fail to associate with Ig-alpha and Ig-beta/gamma. J Biol Chem, 1993.
268(34): p. 25776-9.

10.

Mitchell, R.N., et al., Intracellular targeting of antigens internalized by
membrane immunoglobulin in B lymphocytes. J Exp Med, 1995. 181(5): p. 170514.

11.

Stevens, T.L., et al., A mutation of the mu transmembrane that disrupts
endoplasmic reticulum retention. Effects on association with accessory proteins
and signal transduction. J Immunol, 1994. 152(9): p. 4397-406.

12.

Reth, M., Antigen receptors on B lymphocytes. Annu Rev Immunol, 1992. 10: p.
97-121.

13.

Schamel, W.W. and M. Reth, Monomeric and oligomeric complexes of the B cell
antigen receptor. Immunity, 2000. 13(1): p. 5-14.

126

14.

Kashiwamura, S., et al., Structure of the murine mb-1 gene encoding a putative
sIgM-associated molecule. J Immunol, 1990. 145(1): p. 337-43.

15.

Sakaguchi, N., et al., B lymphocyte lineage-restricted expression of mb-1, a gene
with CD3-like structural properties. Embo J, 1988. 7(11): p. 3457-64.

16.

Hermanson, G.G., et al., Immunoglobulin enhancer and promoter motifs 5' of the
B29 B-cell-specific gene. Proc Natl Acad Sci U S A, 1989. 86(19): p. 7341-5.

17.

Hermanson, G.G., et al., B29: a member of the immunoglobulin gene superfamily
exclusively expressed on beta-lineage cells. Proc Natl Acad Sci U S A, 1988.
85(18): p. 6890-4.

18.

Hombach, J., et al., Transfected plasmacytoma cells do not transport the
membrane form of IgM to the cell surface. J Exp Med, 1988. 167(2): p. 652-7.

19.

Sitia, R., M.S. Neuberger, and C. Milstein, Regulation of membrane IgM
expression in secretory B cells: translational and post-translational events. Embo
J, 1987. 6(13): p. 3969-77.

20.

Hombach, J., et al., A novel 34-kd protein co-isolated with the IgM molecule in
surface IgM-expressing cells. Embo J, 1988. 7(11): p. 3451-6.

21.

Hombach, J., et al., Molecular components of the B-cell antigen receptor complex
of the IgM class. Nature, 1990. 343(6260): p. 760-2.

22.

Venkitaraman, A.R., et al., The B-cell antigen receptor of the five
immunoglobulin classes. Nature, 1991. 352(6338): p. 777-81.

23.

Reth, M., Antigen receptor tail clue. Nature, 1989. 338(6214): p. 383-4.

24.

Clevers, H., et al., The T cell receptor/CD3 complex: a dynamic protein ensemble.
Annu Rev Immunol, 1988. 6: p. 629-62.

25.

DeFranco, A.L., et al., Signal transduction by the B-cell antigen receptor. Ann N
Y Acad Sci, 1995. 766: p. 195-201.

26.

Canfield, W.M., et al., Localization of the signal for rapid internalization of the
bovine cation-independent mannose 6-phosphate/insulin-like growth factor-II
receptor to amino acids 24-29 of the cytoplasmic tail. J Biol Chem, 1991. 266(9):
p. 5682-8.

27.

Gough, N.R., et al., Utilization of the indirect lysosome targeting pathway by
lysosome-associated membrane proteins (LAMPs) is influenced largely by the Cterminal residue of their GYXXphi targeting signals. J Cell Sci, 1999. 112 (Pt 23):
p. 4257-69.

127

28.

Marks, M.S., et al., A lysosomal targeting signal in the cytoplasmic tail of the beta
chain directs HLA-DM to MHC class II compartments. J Cell Biol, 1995. 131(2):
p. 351-69.

29.

Williams, M.A. and M. Fukuda, Accumulation of membrane glycoproteins in
lysosomes requires a tyrosine residue at a particular position in the cytoplasmic
tail. J Cell Biol, 1990. 111(3): p. 955-66.

30.

Kurosaki, T., Genetic analysis of B cell antigen receptor signaling. Annu Rev
Immunol, 1999. 17: p. 555-92.

31.

Clark, M.R., et al., The B cell antigen receptor complex: association of Ig-alpha
and Ig-beta with distinct cytoplasmic effectors. Science, 1992. 258(5079): p. 1236.

32.

Pleiman, C.M., et al., Distinct p53/56lyn and p59fyn domains associate with
nonphosphorylated and phosphorylated Ig-alpha. Proc Natl Acad Sci U S A,
1994. 91(10): p. 4268-72.

33.

Aman, M.J. and K.S. Ravichandran, A requirement for lipid rafts in B cell
receptor induced Ca(2+) flux. Curr Biol, 2000. 10(7): p. 393-6.

34.

Cheng, P.C., et al., A role for lipid rafts in B cell antigen receptor signaling and
antigen targeting. J Exp Med, 1999. 190(11): p. 1549-60.

35.

Petrie, R.J., et al., Transient translocation of the B cell receptor and Src homology
2 domain-containing inositol phosphatase to lipid rafts: evidence toward a role in
calcium regulation. J Immunol, 2000. 165(3): p. 1220-7.

36.

Weintraub, B.C., et al., Entry of B cell receptor into signaling domains is
inhibited in tolerant B cells. J Exp Med, 2000. 191(8): p. 1443-8.

37.

Cheng, P.C., et al., Translocation of the B cell antigen receptor into lipid rafts
reveals a novel step in signaling. J Immunol, 2001. 166(6): p. 3693-701.

38.

Johnson, S.A., et al., Phosphorylated immunoreceptor signaling motifs (ITAMs)
exhibit unique abilities to bind and activate Lyn and Syk tyrosine kinases. J
Immunol, 1995. 155(10): p. 4596-603.

39.

Rowley, R.B., et al., Syk protein-tyrosine kinase is regulated by tyrosinephosphorylated Ig alpha/Ig beta immunoreceptor tyrosine activation motif
binding and autophosphorylation. J Biol Chem, 1995. 270(19): p. 11590-4.

40.

Fu, C., et al., BLNK: a central linker protein in B cell activation. Immunity, 1998.
9(1): p. 93-103.

128

41.

Goitsuka, R., et al., BASH, a novel signaling molecule preferentially expressed in
B cells of the bursa of Fabricius. J Immunol, 1998. 161(11): p. 5804-8.

42.

Wienands, J., et al., SLP-65: a new signaling component in B lymphocytes which
requires expression of the antigen receptor for phosphorylation. J Exp Med,
1998. 188(4): p. 791-5.

43.

Buhl, A.M. and J.C. Cambier, Phosphorylation of CD19 Y484 and Y515, and
linked activation of phosphatidylinositol 3-kinase, are required for B cell antigen
receptor-mediated activation of Bruton's tyrosine kinase. J Immunol, 1999.
162(8): p. 4438-46.

44.

Fujimoto, M., et al., CD19 regulates B lymphocyte responses to transmembrane
signals. Semin Immunol, 1998. 10(4): p. 267-77.

45.

Tuveson, D.A., et al., CD19 of B cells as a surrogate kinase insert region to bind
phosphatidylinositol 3-kinase. Science, 1993. 260(5110): p. 986-9.

46.

Wang, Y., et al., The physiologic role of CD19 cytoplasmic tyrosines. Immunity,
2002. 17(4): p. 501-14.

47.

Saito, K., A.M. Scharenberg, and J.P. Kinet, Interaction between the Btk PH
domain and phosphatidylinositol-3,4,5-trisphosphate directly regulates Btk. J Biol
Chem, 2001. 276(19): p. 16201-6.

48.

Scharenberg, A.M., et al., Phosphatidylinositol-3,4,5-trisphosphate (PtdIns-3,4,5P3)/Tec kinase-dependent calcium signaling pathway: a target for SHIP-mediated
inhibitory signals. Embo J, 1998. 17(7): p. 1961-72.

49.

Chiu, C.W., et al., BLNK: molecular scaffolding through 'cis'-mediated
organization of signaling proteins. Embo J, 2002. 21(23): p. 6461-72.

50.

Hashimoto, S., et al., Identification of the SH2 domain binding protein of Bruton's
tyrosine kinase as BLNK--functional significance of Btk-SH2 domain in B-cell
antigen receptor-coupled calcium signaling. Blood, 1999. 94(7): p. 2357-64.

51.

Ishiai, M., et al., BLNK required for coupling Syk to PLC gamma 2 and Rac1JNK in B cells. Immunity, 1999. 10(1): p. 117-25.

52.

Dolmetsch, R.E., et al., Differential activation of transcription factors induced by
Ca2+ response amplitude and duration. Nature, 1997. 386(6627): p. 855-8.

53.

Saijo, K., et al., Protein kinase C beta controls nuclear factor kappaB activation
in B cells through selective regulation of the IkappaB kinase alpha. J Exp Med,
2002. 195(12): p. 1647-52.

129

54.

Trushin, S.A., et al., Protein kinase C and calcineurin synergize to activate
IkappaB kinase and NF-kappaB in T lymphocytes. J Biol Chem, 1999. 274(33): p.
22923-31.

55.

Dong, C., R.J. Davis, and R.A. Flavell, MAP kinases in the immune response.
Annu Rev Immunol, 2002. 20: p. 55-72.

56.

Johnson, G.L. and R. Lapadat, Mitogen-activated protein kinase pathways
mediated by ERK, JNK, and p38 protein kinases. Science, 2002. 298(5600): p.
1911-2.

57.

Blum, J.H., T.L. Stevens, and A.L. DeFranco, Role of the mu immunoglobulin
heavy chain transmembrane and cytoplasmic domains in B cell antigen receptor
expression and signal transduction. J Biol Chem, 1993. 268(36): p. 27236-45.

58.

Dubois, P.M., et al., Role of the transmembrane and cytoplasmic domains of
surface IgM in endocytosis and signal transduction. Eur J Immunol, 1992. 22(3):
p. 851-7.

59.

Webb, C.F., C. Nakai, and P.W. Tucker, Immunoglobulin receptor signaling
depends on the carboxyl terminus but not the heavy-chain class. Proc Natl Acad
Sci U S A, 1989. 86(6): p. 1977-81.

60.

Burkhardt, A.L., et al., Ig alpha and Ig beta are functionally homologous to the
signaling proteins of the T-cell receptor. Mol Cell Biol, 1994. 14(2): p. 1095-103.

61.

Sanchez, M., et al., Signal transduction by immunoglobulin is mediated through
Ig alpha and Ig beta. J Exp Med, 1993. 178(3): p. 1049-55.

62.

Cassard, S., et al., Regulation of ITAM signaling by specific sequences in Ig-beta
B cell antigen receptor subunit. J Biol Chem, 1996. 271(39): p. 23786-91.

63.

Flaswinkel, H. and M. Reth, Dual role of the tyrosine activation motif of the Igalpha protein during signal transduction via the B cell antigen receptor. Embo J,
1994. 13(1): p. 83-9.

64.

Yao, X.R., et al., Immunoreceptor tyrosine-based activation motif is required to
signal pathways of receptor-mediated growth arrest and apoptosis in murine B
lymphoma cells. J Immunol, 1995. 155(2): p. 652-61.

65.

Williams, G.T., et al., The alpha/beta sheath and its cytoplasmic tyrosines are
required for signaling by the B-cell antigen receptor but not for capping or for
serine/threonine-kinase recruitment. Proc Natl Acad Sci U S A, 1994. 91(2): p.
474-8.

130

66.

Koyama, M., et al., CD79 alpha/CD79 beta heterodimers are expressed on pro-B
cell surfaces without associated mu heavy chain. Int Immunol, 1997. 9(11): p.
1767-72.

67.

Nagata, K., et al., The Ig alpha/Igbeta heterodimer on mu-negative proB cells is
competent for transducing signals to induce early B cell differentiation.
Immunity, 1997. 7(4): p. 559-70.

68.

Minegishi, Y., et al., Mutations in Igalpha (CD79a) result in a complete block in
B-cell development. J Clin Invest, 1999. 104(8): p. 1115-21.

69.

Gong, S. and M.C. Nussenzweig, Regulation of an early developmental
checkpoint in the B cell pathway by Ig beta. Science, 1996. 272(5260): p. 411-4.

70.

Pelanda, R., et al., B cell progenitors are arrested in maturation but have intact
VDJ recombination in the absence of Ig-alpha and Ig-beta. J Immunol, 2002.
169(2): p. 865-72.

71.

Papavasiliou, F., et al., The cytoplasmic domains of immunoglobulin (Ig) alpha
and Ig beta can independently induce the precursor B cell transition and allelic
exclusion. J Exp Med, 1995. 182(5): p. 1389-94.

72.

Papavasiliou, F., et al., The role of Ig beta in precursor B cell transition and
allelic exclusion. Science, 1995. 268(5209): p. 408-11.

73.

Kraus, M., et al., Interference with immunoglobulin (Ig)alpha immunoreceptor
tyrosine-based activation motif (ITAM) phosphorylation modulates or blocks B
cell development, depending on the availability of an Igbeta cytoplasmic tail. J
Exp Med, 2001. 194(4): p. 455-69.

74.

Rolink, A., et al., The surrogate light chain in mouse B-cell development. Int Rev
Immunol, 1996. 13(4): p. 341-56.

75.

Benschop, R.J. and J.C. Cambier, B cell development: signal transduction by
antigen receptors and their surrogates. Curr Opin Immunol, 1999. 11(2): p. 14351.

76.

Meffre, E., R. Casellas, and M.C. Nussenzweig, Antibody regulation of B cell
development. Nat Immunol, 2000. 1(5): p. 379-85.

77.

Monroe, J.G., ITAM-mediated tonic signalling through pre-BCR and BCR
complexes. Nat Rev Immunol, 2006. 6(4): p. 283-94.

78.

Muljo, S.A. and M.S. Schlissel, The variable, C(H)1, C(H)2 and C(H)3 domains
of Ig heavy chain are dispensable for pre-BCR function in transgenic mice. Int
Immunol, 2002. 14(6): p. 577-84.

131

79.

Sayegh, C.E., et al., Development of B cells expressing surface immunoglobulin
molecules that lack V(D)J-encoded determinants in the avian embryo bursa of
fabricius. Proc Natl Acad Sci U S A, 1999. 96(19): p. 10806-11.

80.

Shaffer, A.L. and M.S. Schlissel, A truncated heavy chain protein relieves the
requirement for surrogate light chains in early B cell development. J Immunol,
1997. 159(3): p. 1265-75.

81.

Bannish, G., et al., Ligand-independent signaling functions for the B lymphocyte
antigen receptor and their role in positive selection during B lymphopoiesis. J
Exp Med, 2001. 194(11): p. 1583-96.

82.

Mielenz, D., et al., Immunoglobulin mu heavy chains do not mediate tyrosine
phosphorylation of Ig alpha from the ER-cis-Golgi. J Immunol, 2003. 171(6): p.
3091-101.

83.

Pike, K.A., et al., The cytoplasmic domain of Ig alpha is necessary and sufficient
to support efficient early B cell development. J Immunol, 2004. 172(4): p. 2210-8.

84.

Guo, B., et al., Engagement of the human pre-B cell receptor generates a lipid
raft-dependent calcium signaling complex. Immunity, 2000. 13(2): p. 243-53.

85.

Fuentes-Panana, E.M., et al., Ig alpha/Ig beta complexes generate signals for B
cell development independent of selective plasma membrane
compartmentalization. J Immunol, 2005. 174(3): p. 1245-52.

86.

Reichlin, A., et al., A B cell receptor with two Igalpha cytoplasmic domains
supports development of mature but anergic B cells. J Exp Med, 2004. 199(6): p.
855-65.

87.

Teh, Y.M. and M.S. Neuberger, The immunoglobulin (Ig)alpha and Igbeta
cytoplasmic domains are independently sufficient to signal B cell maturation and
activation in transgenic mice. J Exp Med, 1997. 185(10): p. 1753-8.

88.

Torres, R.M., et al., Aberrant B cell development and immune response in mice
with a compromised BCR complex. Science, 1996. 272(5269): p. 1804-8.

89.

Lam, K.P., R. Kuhn, and K. Rajewsky, In vivo ablation of surface
immunoglobulin on mature B cells by inducible gene targeting results in rapid
cell death. Cell, 1997. 90(6): p. 1073-83.

90.

Wienands, J., O. Larbolette, and M. Reth, Evidence for a preformed transducer
complex organized by the B cell antigen receptor. Proc Natl Acad Sci U S A,
1996. 93(15): p. 7865-70.

132

91.

Kraus, M., et al., Survival of resting mature B lymphocytes depends on BCR
signaling via the Igalpha/beta heterodimer. Cell, 2004. 117(6): p. 787-800.

92.

Meffre, E. and M.C. Nussenzweig, Deletion of immunoglobulin beta in
developing B cells leads to cell death. Proc Natl Acad Sci U S A, 2002. 99(17): p.
11334-9.

93.

Kremyanskaya, M. and J.G. Monroe, Ig-independent Ig beta expression on the
surface of B lymphocytes after B cell receptor aggregation. J Immunol, 2005.
174(3): p. 1501-6.

94.

Patel, K.J. and M.S. Neuberger, Antigen presentation by the B cell antigen
receptor is driven by the alpha/beta sheath and occurs independently of its
cytoplasmic tyrosines. Cell, 1993. 74(5): p. 939-46.

95.

Cassard, S., et al., A tyrosine-based signal present in Ig alpha mediates B cell
receptor constitutive internalization. J Immunol, 1998. 160(4): p. 1767-73.

96.

Cherukuri, A., et al., The CD19/CD21 complex functions to prolong B cell
antigen receptor signaling from lipid rafts. Immunity, 2001. 14(2): p. 169-79.

97.

Song, W., et al., Entry of B cell antigen receptor and antigen into class II peptideloading compartment is independent of receptor cross-linking. J Immunol, 1995.
155(9): p. 4255-63.

98.

Brown, B.K. and W. Song, The actin cytoskeleton is required for the trafficking of
the B cell antigen receptor to the late endosomes. Traffic, 2001. 2(6): p. 414-27.

99.

Cheng, P.C., et al., MHC class II antigen processing in B cells: accelerated
intracellular targeting of antigens. J Immunol, 1999. 162(12): p. 7171-80.

100.

Gruenberg, J. and F.R. Maxfield, Membrane transport in the endocytic pathway.
Curr Opin Cell Biol, 1995. 7(4): p. 552-63.

101.

Mellman, I., Endocytosis and molecular sorting. Annu Rev Cell Dev Biol, 1996.
12: p. 575-625.

102.

Drake, J.R., et al., Involvement of MIIC-like late endosomes in B cell receptormediated antigen processing in murine B cells. J Immunol, 1999. 162(2): p. 11505.

103.

Kleijmeer, M.J., et al., Major histocompatibility complex class II compartments in
human and mouse B lymphoblasts represent conventional endocytic
compartments. J Cell Biol, 1997. 139(3): p. 639-49.

133

104.

Watts, C., Antigen processing in the endocytic compartment. Curr Opin Immunol,
2001. 13(1): p. 26-31.

105.

Hammond, C., et al., The tetraspan protein CD82 is a resident of MHC class II
compartments where it associates with HLA-DR, -DM, and -DO molecules. J
Immunol, 1998. 161(7): p. 3282-91.

106.

Bakke, O. and B. Dobberstein, MHC class II-associated invariant chain contains
a sorting signal for endosomal compartments. Cell, 1990. 63(4): p. 707-16.

107.

Lamb, C.A., et al., Invariant chain targets HLA class II molecules to acidic
endosomes containing internalized influenza virus. Proc Natl Acad Sci U S A,
1991. 88(14): p. 5998-6002.

108.

Lotteau, V., et al., Intracellular transport of class II MHC molecules directed by
invariant chain. Nature, 1990. 348(6302): p. 600-5.

109.

Miller, J., Endosomal localization of MHC class II-invariant chain complexes.
Immunol Res, 1994. 13(4): p. 244-52.

110.

Viville, S., et al., Mice lacking the MHC class II-associated invariant chain. Cell,
1993. 72(4): p. 635-48.

111.

Zhong, G., P. Romagnoli, and R.N. Germain, Related leucine-based cytoplasmic
targeting signals in invariant chain and major histocompatibility complex class II
molecules control endocytic presentation of distinct determinants in a single
protein. J Exp Med, 1997. 185(3): p. 429-38.

112.

Shi, G.P., et al., Cathepsin S required for normal MHC class II peptide loading
and germinal center development. Immunity, 1999. 10(2): p. 197-206.

113.

Denzin, L.K. and P. Cresswell, HLA-DM induces CLIP dissociation from MHC
class II alpha beta dimers and facilitates peptide loading. Cell, 1995. 82(1): p.
155-65.

114.

Sanderson, F., et al., Accumulation of HLA-DM, a regulator of antigen
presentation, in MHC class II compartments. Science, 1994. 266(5190): p. 15669.

115.

Sherman, M.A., D.A. Weber, and P.E. Jensen, DM enhances peptide binding to
class II MHC by release of invariant chain-derived peptide. Immunity, 1995.
3(2): p. 197-205.

116.

Sloan, V.S., et al., Mediation by HLA-DM of dissociation of peptides from HLADR. Nature, 1995. 375(6534): p. 802-6.

134

117.

Weber, D.A., B.D. Evavold, and P.E. Jensen, Enhanced dissociation of HLA-DRbound peptides in the presence of HLA-DM. Science, 1996. 274(5287): p. 618-20.

118.

Denzin, L.K., et al., Negative regulation by HLA-DO of MHC class II-restricted
antigen processing. Science, 1997. 278(5335): p. 106-9.

119.

Liljedahl, M., et al., Altered antigen presentation in mice lacking H2-O.
Immunity, 1998. 8(2): p. 233-43.

120.

Brown, B.K., et al., Trafficking of the Igalpha/Igbeta heterodimer with membrane
Ig and bound antigen to the major histocompatibility complex class II peptideloading compartment. J Biol Chem, 1999. 274(16): p. 11439-46.

121.

Bonnerot, C., et al., Role of B cell receptor Ig alpha and Ig beta subunits in MHC
class II-restricted antigen presentation. Immunity, 1995. 3(3): p. 335-47.

122.

Lankar, D., et al., Syk tyrosine kinase and B cell antigen receptor (BCR)
immunoglobulin-alpha subunit determine BCR-mediated major histocompatibility
complex class II-restricted antigen presentation. J Exp Med, 1998. 188(5): p.
819-31.

123.

Li, C., et al., Cooperative interaction of Ig(alpha) and Ig(beta) of the BCR
regulates the kinetics and specificity of antigen targeting. Int Immunol, 2002.
14(10): p. 1179-91.

124.

Siemasko, K., et al., Ig alpha and Ig beta are required for efficient trafficking to
late endosomes and to enhance antigen presentation. J Immunol, 1999. 162(11):
p. 6518-25.

125.

Pure, E. and L. Tardelli, Tyrosine phosphorylation is required for ligand-induced
internalization of the antigen receptor on B lymphocytes. Proc Natl Acad Sci U S
A, 1992. 89(1): p. 114-7.

126.

Wagle, N.M., J.H. Kim, and S.K. Pierce, Signaling through the B cell antigen
receptor regulates discrete steps in the antigen processing pathway. Cell
Immunol, 1998. 184(1): p. 1-11.

127.

Siemasko, K., et al., Cutting edge: signals from the B lymphocyte antigen
receptor regulate MHC class II containing late endosomes. J Immunol, 1998.
160(11): p. 5203-8.

128.

Stoddart, A., et al., Lipid rafts unite signaling cascades with clathrin to regulate
BCR internalization. Immunity, 2002. 17(4): p. 451-62.

129.

Lanzavecchia, A., Antigen-specific interaction between T and B cells. Nature,
1985. 314(6011): p. 537-9.

135

130.

Kouskoff, V., et al., Antigens varying in affinity for the B cell receptor induce
differential B lymphocyte responses. J Exp Med, 1998. 188(8): p. 1453-64.

131.

Vilen, B.J., et al., B cell antigen receptor desensitization: disruption of receptor
coupling to tyrosine kinase activation. J Immunol, 1997. 159(1): p. 231-43.

132.

Vilen, B.J., T. Nakamura, and J.C. Cambier, Antigen-stimulated dissociation of
BCR mIg from Ig-alpha/Ig-beta: implications for receptor desensitization.
Immunity, 1999. 10(2): p. 239-48.

133.

Cambier, J.C., C.M. Pleiman, and M.R. Clark, Signal transduction by the B cell
antigen receptor and its coreceptors. Annu Rev Immunol, 1994. 12: p. 457-86.

134.

Reth, M. and J. Wienands, Initiation and processing of signals from the B cell
antigen receptor. Annu Rev Immunol, 1997. 15: p. 453-79.

135.

West, M.A., J.M. Lucocq, and C. Watts, Antigen processing and class II MHC
peptide-loading compartments in human B-lymphoblastoid cells. Nature, 1994.
369(6476): p. 147-51.

136.

Lanzavecchia, A., Receptor-mediated antigen uptake and its effect on antigen
presentation to class II-restricted T lymphocytes. Annu Rev Immunol, 1990. 8: p.
773-93.

137.

Watts, C., Capture and processing of exogenous antigens for presentation on
MHC molecules. Annu Rev Immunol, 1997. 15: p. 821-50.

138.

Constant, S., et al., B lymphocytes can be competent antigen-presenting cells for
priming CD4+ T cells to protein antigens in vivo. J Immunol, 1995. 155(8): p.
3734-41.

139.

Ho, W.Y., et al., Resting and anergic B cells are defective in CD28-dependent
costimulation of naive CD4+ T cells. J Exp Med, 1994. 179(5): p. 1539-49.

140.

Jelachich, M.L., et al., Synergistic effects of antigen and soluble T-cell factors in
B-lymphocyte activation. Proc Natl Acad Sci U S A, 1984. 81(17): p. 5537-41.

141.

Marsh, E.W., D.P. Dalke, and S.K. Pierce, Biochemical evidence for the rapid
assembly and disassembly of processed antigen-major histocompatibility complex
class II complexes in acidic vesicles of B cells. J Exp Med, 1992. 175(2): p. 42536.

142.

Gillis, S., et al., T cell growth factor: parameters of production and a quantitative
microassay for activity. J Immunol, 1978. 120(6): p. 2027-32.

136

143.

Goldstein, J.L., S.K. Basu, and M.S. Brown, Receptor-mediated endocytosis of
low-density lipoprotein in cultured cells. Methods Enzymol, 1983. 98: p. 241-60.

144.

Aluvihare, V.R., et al., Acceleration of intracellular targeting of antigen by the Bcell antigen receptor: importance depends on the nature of the antigen-antibody
interaction. Embo J, 1997. 16(12): p. 3553-62.

145.

Batista, F.D., D. Iber, and M.S. Neuberger, B cells acquire antigen from target
cells after synapse formation. Nature, 2001. 411(6836): p. 489-94.

146.

Kim, J.H., et al., Independent trafficking of Ig-alpha/Ig-beta and mu-heavy chain
is facilitated by dissociation of the B cell antigen receptor complex. J Immunol,
2005. 175(1): p. 147-54.

147.

Vilen, B.J., et al., Transmodulation of BCR signaling by transduction-incompetent
antigen receptors: implications for impaired signaling in anergic B cells. J
Immunol, 2002. 168(9): p. 4344-51.

148.

Adachi, T., et al., The specificity of association of the IgD molecule with the
accessory proteins BAP31/BAP29 lies in the IgD transmembrane sequence. Embo
J, 1996. 15(7): p. 1534-41.

149.

Casten, L.A., et al., Anti-immunoglobulin augments the B-cell antigenpresentation function independently of internalization of receptor-antigen
complex. Proc Natl Acad Sci U S A, 1985. 82(17): p. 5890-4.

150.

Casten, L.A. and S.K. Pierce, Receptor-mediated B cell antigen processing.
Increased antigenicity of a globular protein covalently coupled to antibodies
specific for B cell surface structures. J Immunol, 1988. 140(2): p. 404-10.

151.

Parent, B.A., X. Wang, and W. Song, Stability of the B cell antigen receptor
modulates its signaling and antigen-targeting functions. Eur J Immunol, 2002.
32(7): p. 1839-46.

152.

Casten, L.A., P. Kaumaya, and S.K. Pierce, Enhanced T cell responses to
antigenic peptides targeted to B cell surface Ig, Ia, or class I molecules. J Exp
Med, 1988. 168(1): p. 171-80.

153.

Kim, K.M., et al., Differential signaling through the Ig-alpha and Ig-beta
components of the B cell antigen receptor. Eur J Immunol, 1993. 23(4): p. 911-6.

154.

Luisiri, P., et al., Cooperativity and segregation of function within the Igalpha/beta heterodimer of the B cell antigen receptor complex. J Biol Chem,
1996. 271(9): p. 5158-63.

137

155.

Robinson, M.S., The role of clathrin, adaptors and dynamin in endocytosis. Curr
Opin Cell Biol, 1994. 6(4): p. 538-44.

156.

Kunkel, T.A., J.D. Roberts, and R.A. Zakour, Rapid and efficient site-specific
mutagenesis without phenotypic selection. Methods Enzymol, 1987. 154: p. 36782.

157.

Adachi, T., et al., The B cell surface protein CD72 recruits the tyrosine
phosphatase SHP-1 upon tyrosine phosphorylation. J Immunol, 1998. 160(10): p.
4662-5.

158.

Le Borgne, R. and B. Hoflack, Mechanisms of protein sorting and coat assembly:
insights from the clathrin-coated vesicle pathway. Curr Opin Cell Biol, 1998.
10(4): p. 499-503.

159.

Chen, Z.Z., K.M. Coggeshall, and J.C. Cambier, Translocation of protein kinase
C during membrane immunoglobulin-mediated transmembrane signaling in B
lymphocytes. J Immunol, 1986. 136(6): p. 2300-4.

160.

Kim, K.M., et al., Two new proteins preferentially associated with membrane
immunoglobulin D. Embo J, 1994. 13(16): p. 3793-800.

161.

Kim, K.M. and M. Reth, The B cell antigen receptor of class IgD induces a
stronger and more prolonged protein tyrosine phosphorylation than that of class
IgM. J Exp Med, 1995. 181(3): p. 1005-14.

162.

Wilde, A., et al., EGF receptor signaling stimulates SRC kinase phosphorylation
of clathrin, influencing clathrin redistribution and EGF uptake. Cell, 1999. 96(5):
p. 677-87.

163.

Tsokos, G.C., B. Kovacs, and S.N. Liossis, Lymphocytes, cytokines,
inflammation, and immune trafficking. Curr Opin Rheumatol, 1997. 9(5): p. 3806.

164.

Noorchashm, H., et al., I-Ag7-mediated antigen presentation by B lymphocytes is
critical in overcoming a checkpoint in T cell tolerance to islet beta cells of
nonobese diabetic mice. J Immunol, 1999. 163(2): p. 743-50.

138

