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Acquired immunological memory is a striking phenomenon. A lethal epidemic sweeps through a naive population,
many die but those who survive are never “attacked twice — never at least fatally”, as the historian Thucydides ob-
served in 430 BCE. Antibody memory is critical for protection against many human infectious diseases and is the
basis for nearly all current human vaccines. Antibody memory is encoded, in part, in isotype-switched immunoglob-
ulin (Ig)G-expressing memory B cells that are generated in the primary response to antigen and give rise to rapid,
high-affinity and high-titered antibody responses upon challenge with the same antigen. How IgG-B-cell receptors
(BCRs) and antigen-induced IgG-BCR signaling contribute to memory antibody responses are not fully understood.
In this review, we summarize exciting new advances that are revealing the cellular and molecular mechanisms at play
in antibody memory and discuss how studies using different experimental approaches will help elucidate the complex

phenomenon of B-cell memory.
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Introduction

One fundamental function of the adaptive immune
system is the production of antibodies. Upon recognition
of foreign antigens, activation of mature naive B cells is
initiated, resulting in the production of short-lived plas-
ma cells, the proliferation of naive B cells and their dif-
ferentiation into memory B cells and long-lived plasma
cells [1] that constitute antibody (Ab) memory responses
[2]. B-cell memory is critical for protection against many
human infectious diseases and is the basis for nearly all
current human vaccines, suggesting the vital importance
of biological studies on B-cell memory [2]. For instance,
we do not yet have vaccines to prevent AIDS or malar-
ia, both of which may depend on the ability to generate
effective, broadly neutralizing memory Ab responses to
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the pathogens that cause these diseases. At present we
still do not fully understand what properties of memory
B cells underlie Ab memory characterized by the rapid,
high-affinity and high-titered Ab responses. One distin-
guishing feature of many memory B cells is the expres-
sion of isotype-switched immunoglobulin (Ig)G B-cell
receptors (BCRs). Therefore, the question of how B cells
remember is often framed as: how do IgG-BCRs contrib-
ute to B-cell memory? This question has been extensive-
ly investigated using various tools of modern biological
sciences and the results suggest that both intrinsic and
extrinsic features of IgG-BCRs contribute to the efficient
activation of memory B cells and their differentiation
into plasma cells. In this review, we summarize these ex-
citing findings. We first describe what is known about the
differences in the structural features of IgM- and IgG-
BCRs and how these might be related to their functions.
We then present a contemporary view of antigen-induced
B-cell signaling pathways and their similarities and
differences in IgM-BCR- and IgG-BCR-expressing B
cells. The impact of the form of the antigen that the BCR
engages on signaling outcomes will also be addressed.
Lastly we describe the intrinsic and extrinsic features of
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IgG-BCRs, which contribute to Ab memory responses.
We believe that a clear and thorough understanding of the
mechanisms underlying the activation of memory B cells
would contribute to the design of still badly needed vac-
cines for infectious diseases including AIDS and malaria.

Structural features of IgM- and IgG-BCRs

B cells distinguish self-antigen versus non-self-an-
tigen through their clonally distributed, surface-ex-
pressed BCRs [3, 4]. The BCR is composed of a mem-
brane-bound form of immunoglobulin (mlg) and a co-
valently-linked heterodimer of Iga and Igf in a 1:1 ratio
of mlg:Igo/IgP heterodimer (Figure 1). The mlg and the
Igo/Igp heterodimer are associated through non-covalent
interactions [5, 6]. Primary Ab responses are the results

A

of the activation of mature naive B cells, while memory
or secondary Ab responses result from the activation
of memory B cells [2, 7]. The mlg subunits of BCRs
expressed by mature naive B cells and most memory B
cells are different. Mature naive B cells express mIgM-
and mlgD-containing BCRs (Figure 1). During a primary
T-cell-dependent Ab response, the interaction of anti-
gen-specific B cells with T cells and other accessory cells
in lymphoid organs results in the formation of short-
lived plasma cells and germinal centers (GCs). In GCs,
mature naive B cells irreversibly isotype-switch their
surface BCRs to predominately express mIgG-BCRs
(Figure 1). These IgG-BCR-expressing GC B cells then
undergo rounds of antigen-driven selection linked with
somatic hypermutation [7-9], resulting in high-affinity
IgG-BCR-expressing memory B cells and long-lived

Figure 1 Schematic presentation of IgM-BCRs and IgG-BCRs. (A) IgM-BCRs composed of membrane-bound forms of IgM
(light blue indicates the light chain, dark blue indicates the heavy chain) associated with a heterodimer of Iga and Igp (green)
on a mature naive B cell. The mlg and the Iga/IgpB heterodimer are associated through non-covalent interactions. (B) 1gG-
BCRs composed of membrane-bound forms of IgG (light pink indicates the light chain, dark pink indicates the heavy chain)
associated with the Iga/Igp heterodimer (green) on a memory B cell. In A and B, the BCRs are depicted in compartmental-
ized plasma membrane regions that are maintained by membrane-proximal actin fence and anchored transmembrane protein
pickets as proposed by Kusumi et al. [79-81]. The ITAM-containing cytoplasmic tails of Iga/Igp heterodimer within the IgM- or

IgG-BCR complexes are also shown.
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plasma cells.

Thus, there has been considerable focus on how the
expression of I[gG-BCRs by memory B cells contributes
to Ab memory. Ultimately an understanding of how
IgM- and IgG-BCRs function in antigen-driven B cell
responses will require structural information of these re-
ceptors, which is currently unavailable. However, some
features of IgG and IgM BCRs have been revealed to be
implicated in distinguishing intrinsic functions of these
receptors. Both IgM- and IgG-BCRs contain identical
Iga/IgP heterodimers that link the BCR to the B-cell
signaling apparatus through immunoreceptor tyrosine
activation motifs (ITAMs) in Iga/Igp cytoplasmic do-
mains [10]. However, mIgM and mlIgG have different
extracellular, transmembrane (TM) and cytoplasmic do-
mains [7] (Figure 1). Both mIgG and mIgM have similar
antigen-binding fragments (Fabs) consisting of VH and
either CHyl or CHp 1. The fragment crystallizable region
(Fc region) of mlgG, composed of CHy2-3, is shorter
than that of mIgM, composed of CHu2-4 (Figure 1).
However, our earlier studies showed that the Fc regions
of mIgM and mIgG seem to be comparably efficient in
triggering the early growth phase of BCR microclusters
upon BCR-antigen engagement [11]. In mlgG, the Fab
and Fc are linked by a hinge region that is flexible and
has no defined secondary structure. In contrast, in mIgM
the flexible linker is replaced by a more rigid Cu2 do-
main containing a conserved Asparagine (N)-linked gly-
cosylation site that is absent in the flexible hinge region
of mIgG. It remains unknown how differences in the
hinge region between mIgM and mlIgG will affect their
signal transduction capabilities, despite the efforts that
have been placed to clarify this point [12].

The heavy chain of IgM is more heavily glycosylat-
ed than that of IgG, with the heavy chain glycosylation
accounting for 12% - 14% of the molecular weight of
IgM, as compared to only 2% - 3% for IgG [12]. In sol-
uble secreted antibodies, the glycans are multifunctional
and play crucial roles in secreted Ab functions [12], but
it is not known whether differences in glycosylation
will affect the ability of IgM- and IgG-BCRs to initiate
signaling. Our preliminary studies suggested that both
mlIgM- and mIgG-BCRs rely on the glycosylation of Ig
molecules to efficiently initiate B-cell activation and in-
terestingly mIgM-BCRs seem to be more dependent on
glycosylation than mIgG-BCRs in terms of the formation
of signaling-active BCR microclusters and the matura-
tion of B-cell immunological synapse.

Glycosylation also plays important roles in pre-BCR
signaling. The mIgM molecule of pre-BCRs is composed
of IgM heavy chains and a surrogate light chain. Pre-
BCRs spontaneously initiate signaling and drive B-cell

www.cell-research.com | Cell Research

Yinsheng Xu et al.

{rg

development, which depends on a conserved N-linked
glycosylation site at position 46 (N46) in mIgM heavy
chain, with N46 numbered from the N-terminus of the
constant region of IgM [13]. However, N46-glycosyla-
tion is not required for BCR signaling in mature B cells,
suggesting its specific requirement for pre-BCR function
in developing B cells [13]. The surrogate light chain
in pre-BCR accounts for the different requirements of
N46-glycosylation in signaling mediated by pre-BCRs
versus BCRs with the latter using a normal light chain.
Indeed, there is evidence that the arginine-rich tail of the
surrogate light chain A5 is also essential for pre-BCR
signaling, suggesting the pivotal importance of both the
A5 tail and the N46-glycosylation of mIgM heavy chain
in pre-BCR signaling [13]. This same study also showed
that the heavy chains of mIgM and mlIgD are glycosylat-
ed differently and such differences are important for their
respective functions [13].

The BCR’s Iga/IgPp heterodimer interacts with the
membrane-proximal CH domains of mIgM and mlgG
(CHp4 and CHy3, respectively) as well as with their
TM regions (Figure 1). We recently provided evidence
for extensive surface contacts between Igo/Igp and mlg,
involving multiple charged residues on both subunits of
Igo/IgP. In addition, we showed that the extracellular
domains of Iga/Igp preferentially associate with IgM as
compared to IgG [14]. At present it is not known whether
these differences have functional consequences, either
enhancing the activation of IgG-BCR signaling, or low-
ering the signaling threshold of the IgM-BCR and thus
compensating for the lower affinity of IlgM-BCRs to an-
tigens during primary Ab responses.

Both mIgM and mIgD have three amino-acid cyto-
plasmic tails. In contrast, all mIgG subtypes have long
cytoplasmic tails of 28 amino acids, which are highly
conserved across species [15-18] (Figures 1 and 2).
This remarkable conservation is stronger for the mem-
brane-proximal region than the membrane-distal region
(Figure 2). Indeed, the membrane-proximal region of
the cytoplasmic tail of the evolutionarily diverged mIgY
from lizard, Siamese crocodile and Chinese alligator is
highly similar to that of mammalian mIgG. However,
neither mIgA nor mIgE, both of which can be expressed
as isotype-switched BCRs, shares sequence similarity
with the cytoplasmic tail of mIgG (Figure 2). The ques-
tion is: how does the mlgG tail contribute to memory
Ab responses? The mlIgG tail was shown to be required
for the enhanced burst activity of IgG-BCR-expressing
memory B cells in antigen recall memory Ab responses
in mouse models [19, 20]. In one study, two types of
BCR transgenic (Tg) mice were made: wild-type (WT)-
mlgG1-BCR Tg mice that expressed mIgG1 with intact
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migG1  Human KVKWIFSSVVDLKQTI IPD IGQGA
mlgG2 Human = - - - - - - - - oo LA = fl= = =
migG3 Human = - - - - - ------ oo oo - - - - N - - - - -
mlgG Orangutan = = = = = - = 2 2o - - - - - - - - N - - - - -
mlgG1  Chimpanzee = - - - - - - = = = - - - - - - - - - -BES- - - - -
mlgG1 Mouse - - - - - - - - - - ER R ERANE = == L
mlgG2a Mouse 0= - - - - - - - - - E----- S- - - - - - -
mlgG2b Mouse 0= - - - - - - - - - E---K-S- - -----
migG3 Mouse 0= - - - - - - - - - QV---A---EEEE.- - - - -
migéG Rat - .- - - QV---MV - - SRS - - - - -
mlgG1 Sandpuppy @ ==0- - - - - - - - - - G----- A- -DEEE- - - - -
mlgG2 Sandpuppy = @=0 0= - - - - - - - - - E----- A- -DEEE.- - - - -
mlgG1  Chinese hamster - - - - - - - - - - E----LA-- --=--P
mlgG2a Chinese hamster - - - - - - - - - - GM- -A-5S-ERKE- - - - -
mlgG3  Chinese hamster - - - - - | ---AEV--1VA- -IEEEEN- - - - -
mlgG2a Camel = - - - - - - - - - - ER==iRE= = ---AS
mlgG1 Alpaca = ==0- - - - - - - - - - E--R--V--EE.-----
mligG1b Alpaca = - - - - - - - - - - E--R--V--HE.-----
mlgG2b Alpaca 0 0- - - - - - - - - - E--R--V--HE.-----
mlgG2¢c Alpaca 0 0- - - - - - - - - - E--R--V--IE.-----
mlgG1a Llama = - - - - - - - - - - E--R--V--HE.-----
mlgG1b Llama = - - - - - - - - - - E--R--V- -1 ----
mlgG2b Llama = - - - - - - - - - - E--R--V--HE.-----
mlgG2¢ Llama = - - - - - - - - - - E--R--V--EE-----
migG1 Horse = - - - - - - - - - - E--R--V--EE-----
migG1 Dog @ - - - - - - - - - E--R--V--IE-----
migé1 Pg 0000 - === - o= E--E--V--NE.-----
migG1 Cow - - - - - - - - - - E--R--V- - ----
mlgG3 Yak - - - - - L----E---S-T-NIEESN - - - - -
migG3 Chinese tree shrew - - - - - - - - - - E--RS-A- --L - -
mlgG1 Ferret = - - - - - -- - - - Q--H--V- -1 ----

mlgG1  Opossum
migG1 Platypus
migG2 Platypus

migG Dolphin

mlgG1  Green sea turtle

mlgY1  Siamese Crocodile ----L-PT--Q---AS8GS -
mlgY2 Siamese Crocodile ----L--T-MQ---ARG-V
mlgY3 Siamese Crocodile ----L--T--Q---AS8SSS-
mlgY1  Chinese alligator ----L--T--Q---ASGS -
mlgY2 Chinese alligator - - - - - - - T-MQ---ARG-V
mlgY3  Chinese alligator - - - - - - - T-VQ---ANGSE
mlgY Lizaad 0 - - - - - - - - M-NM-RQPTGPD

migM Mouse - - -

migD Mouse - - -

migA Mouse T--RGPFGSKEVPQY

migE  Mouse ----VL-TPMQDTPQTFQ-BAELQTR -

Figure 2 An alignment of the cytoplasmic tails of mlgs. Shown are alignments of the mlg tail sequences from different spe-
cies that are available in NCBI. The SSVV motifs are highlighted in yellow and the ITT motifs in pink color.
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cytoplasmic tails and tailless-mIgG1-BCR Tg mice that
expressed mlgG1 with truncated cytoplasmic tails. When
immunized with a T-cell-dependent antigen, chicken
y-globulin coupled to 4-hydroxy-3-nitro-phenylacetyl
(NP), the tailless-mIgG1-BCR Tg mice showed sig-
nificantly impaired NP-specific IgG1 secondary Ab re-
sponses compared to WT-mIgG1-BCR Tg mice [19]. In
another study, three types of BCR Tg mice were made:
WT-mIgM-BCR and WT-mIgG1-BCR Tg mice that ex-
pressed mIgM and mlIgG1 with the intact cytoplasmic
tails, respectively, and IgM-IgG1-BCR Tg mice that
expressed a chimeric mlg containing the ecto-domain of
IgM and the TM domain and cytoplasmic tail of mIgGl.
In adoptive transfer experiments, B cells from IgM-
IgG1-BCR Tg mice generated increased numbers of
plasma blasts, which subsequently enhanced the magni-
tude of the memory Ab response compared to the B cells
from WT-IgM-BCR Tg mice [20]. Moreover, another
study [21] showed that the expression of mIgG1 with the
intact cytoplasmic tail was able to partially replace the
requirement for the Igo/Igp heterodimer during B-cell
development, suggesting that the mIgG1 cytoplasmic tail
independently interacts with cytoplasmic BCR signal-
ing-related molecules. These studies demonstrate that the
cytoplasmic tail of mIgG1 is both required and sufficient
for an increased burst size in [gG-BCR-expressing B
cells in response to antigens.

A contemporary view of antigen-induced B-cell sig-
naling pathways

It is well-established that the binding of antigen to
the BCR triggers signaling cascades that ultimately
lead to B-cell proliferation and differentiation. Almost
all of what we currently know about the key players of
the BCR signaling pathways comes from biochemical
studies of B cells activated by multivalent antigens in
solution. These studies showed that antigen binding-in-
duced BCR signaling is a multistep cascade, involving
the participation of a series of protein tyrosine kinases
(PTKs), serine-threonine kinases and lipid kinases, the
recruitment of a number of adaptor proteins, which leads
to the amplification and extension of BCR signaling, and
finally the transcription of downstream target genes. As
several published reviews have already elegantly sum-
marized and discussed in detail the individual compo-
nents in BCR signaling pathways [4, 22-26], here we will
only briefly outline the basic features of BCR signaling
pathways. In addition, we will focus on the new findings
in the past few years to dissect the uniqueness of IgG-
BCR signaling in memory B cells. We will also discuss
how these newly identified signaling molecules and tran-
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scription factors could be integrated into the overall BCR
signaling cascades.

In brief, three different families of PTKs, Src, Syk,
and Tec, are activated following BCR and antigen
binding (Figure 3). The first kinases activated follow-
ing BCR crosslinking are members of the Src family
including Lyn, Blk and Fyn. Phosphorylation of ITAM
in the cytoplasmic domains of Iga/IgP by activated Lyn
generates phospho-tyrosine (pTyr) motifs that allow the
binding of the SH2 domains of the second kinase, Syk,
resulting in Syk’s rapid auto-phosphorylation at multiple
tyrosines within its linker regions [27]. Syk phosphory-
lation provides important SH2 domain-docking sites for
the recruitment and activation of downstream signaling
molecules, e.g., Bruton’s tyrosine kinase (Btk) [28] and
phospholipase Cy2 (PLCy2) [29] (Figure 3). PLC2 hy-
drolyzes phosphatidylinositol 4,5-biphosphate (PIP,) to
generate two second messengers, inositol 1,4,5-trisphos-
phate (IP,) and diacylglycerol (DAG). IP; binds to its
receptor (IP;R) on the endoplasmic reticulum, trigger-
ing Ca*" mobilization, which subsequently leads to the
activation of NF-AT, partially through calmodulin and
calcineurin. DAG recruits protein kinase C family mem-
bers that subsequently activate CARMATI, Bcl10 and
MALTI1 (CBM) complexes, leading to the activation of
NF-kB (Figure 3). The recruitment of a series of guanine
nucleotide exchange factors (GEFs) including RasGRP
by DAG and SOS by Grb2 to the membrane-proximal
BCR signaling signalosome activates the small GTPase
Ras, which subsequently leads to the activation of mito-
gen-activated protein (MAP) kinases. Btk is also a PTK
that is activated and recruited to Syk membrane-proximal
signalosomes to promote the phosphorylation of PLC2
(Figure 3). Starting from the Syk membrane-proximal
signalosome, BCR signaling diversifies, resulting in the
triggering of at least four different downstream signaling
cascades [22, 23], toward the transcriptional activation
or regulation of NF-kB, NF-AT, FoxO (see below for de-
tails) and MAPK pathways (Figure 3).

Membrane-proximal BCR signaling also involves the
activation of the p85a/p1106 heterodimeric isoform of
phosphatidylinositol (PI) 3 kinase (PI3K), which rep-
resents a key component of BCR signaling cascades.
Although it is not completely clear how PI3K is recruited
to the membrane-proximal BCR signalosome, it is evi-
dent that both CD19 and BCAP are required for the ef-
ficient activation of PI3K [30]. Activated PI3K converts
PIP, to PIP,, the latter serving as a membrane-anchored
ligand for a subset of signaling proteins harboring the
pleckstrin homology (PH) domain. The PH domain-con-
taining kinase Akt plays key roles in BCR signaling cas-
cades by activating the mammalian target of rapamycin
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Figure 3 A contemporary view of antigen-binding-induced activation of BCR signaling pathways. A highly simplified version
of the view of BCR signaling pathways is given. Early biochemical studies indicated that PTKs from three different families,
including Lyn, Syk and Btk, are activated following BCR and antigen recognition, forming the typical membrane-proximal
signalosome. Such signalosome complex is further stabilized by the involvement of a series of adaptor proteins including
BLNK and GRB2. Upon the recruitment of PI3K and PLCy2 to these membrane-proximal signalosome complexes, these two
signaling molecules are activated, the former leading to the production of PIP; from PIP,, while the latter resulting in the pro-
duction of IP; and DAG from PIP,. Starting from this point, BCR signaling gets quite diverse and triggers at least four different
downstream signaling cascades [22, 23], toward the transcriptional activation or regulation of NF-xB, NF-AT, FoxO and MAPK
pathways.
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(mTOR) to regulate protein synthesis and subsequently
cell proliferation. Another well-documented function of
activated Akt is to phosphorylate and inactivate the nu-
cleus-localized transcription factor FoxO. FoxO family
members are known for their functions in maintaining
the quiescence state of inactivated, resting B cells. Thus
it is highly likely that the main function of the PI3K and
Akt signaling cascade is to drive resting B cells into pro-
liferation.

The diverse nature of antigens that B cells encoun-
ter in vivo

It is well-appreciated that the antigenic epitopes that B
cells recognize are highly diverse in terms of the affinity
[16, 31] for the BCR, the valency [16, 31] and density
[16, 31] of the epitopes, the mechanical properties of the
substrates [32] and whether the antigen is recognized in
solution or on the surface of an antigen-presenting cell
(APC) [33]. It is important to understand how these fea-
tures of antigens affect the initiation of B-cell activation
and to appreciate the diverse nature of antigens that B
cells encounter in vivo.

Recent studies using advances in intravital imaging
demonstrated that antigens enter lymph nodes by sev-
eral routes and that B cells encounter antigens either in
soluble form or on the surfaces of APCs depending on
the nature of the antigen [34]. Small soluble antigens,
like bacterial toxins, rapidly diffuse into lymph nodes
through the afferent lymph vessel and thus encounter
the B cells in soluble form [34-37]. However, large an-
tigens, like viruses, bacteria and Ab-antigen immune
complexes, are only accessible to B cells within the
lymph nodes through active presentation by macro-
phages and dendritic cells lining the subcapsular sinuses
[38-41]. When these large antigens are captured and
tethered to the surfaces of APCs, the biophysical motile
properties of the antigens will be quite different from
soluble antigens. Small soluble antigens are freely dif-
fusing in three dimensions, in contrast to antigens on
APC surfaces, which are restricted to lateral diffusion in
two dimensions [33]. Soluble antigens that are unable
to exert any substantial force on the BCRs allow free
diffusion of BCRs. In contrast, antigens bound to APC
surfaces restrict the diffusion of the BCRs and by doing
so inevitably apply opposing forces to BCRs. We recent-
ly showed that activation of B cells is regulated by the
mechanosensing capability of these cells [32], providing
a mechanism by which BCR signaling can be affected
by the context in which the antigen is recognized either
in solution or on APC surfaces. A study from Batista
and colleagues showed that B cells first spread over the
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surfaces of APCs bearing membrane-bound antigens
and then contracted, which was not observed in B cells
encountering soluble antigens [31]. In addition, B cells
appear to use different mechanisms to enhance signal-
ing when encountering soluble versus membrane-bound
antigens. Our early study showed that the association
of the BCR microclusters with lipid rafts required Src
kinase activity when cells were stimulated by soluble
antigens [42], but not by membrane-bound antigens [43].
Batista and colleagues showed that the BCR-activation
co-receptor CD19 was required for B cell activation by
membrane-bound antigen, but not by soluble antigen [44].
They found that BCR microclusters only signal after they
colocalized with CD19 microclusters in B cells encoun-
tering membrane-bound antigens [44]. Using super-res-
olution microscopy, they further demonstrated that the
local convergence of BCR and CD19 to Syk nanoclusters
is an essential step in B-cell activation induced by mem-
brane-bound antigens [45]. It is not completely clear why
the initiation of BCR signaling has distinct requirements
for B cells encountering soluble versus membrane-bound
antigens, and what the consequence of their distinct re-
quirements is. It is possible that the contribution of the
membrane cytoskeleton network is more substantial for
the quality and strength of BCR signaling in response
to membrane-bound antigens as compared to soluble
antigens. For example, pre-treatment of B cells with the
actin polymerization inhibitor, latrunculin B, enhanced
BCR signaling in response to soluble antigens, resulting
in prolonged calcium increases and ERK activation [46].
In contrast, latrunculin B treatment significantly impaired
B-cell responses to membrane-bound antigens [16, 31].
The intense involvement and requirement of the mem-
brane cytoskeleton network in BCR signaling activation
will likely modify many unidentified features of the BCR
signaling cascades, an area that deserves further inves-
tigation. Similarly, responses to membrane-bound anti-
gens, but not to soluble antigens, likely involve mecha-
nosensing, for example through the integrin system that
will also change the quality of BCR signaling. CD19 is
a key BCR-activation co-receptor and plays essential
roles in activating the PI3K-Akt signaling pathway. The
essential requirement and involvement of CD19 in BCR
signaling induced by membrane-bound antigens, but not
by soluble antigens, indicates different features of BCR
signaling in these two cases.

The valency of antigens also plays key roles in affect-
ing the quality of BCR signaling. Although it has been
widely observed that in solution multivalent antigens are
more potent B-cell activators than monovalent antigens,
it is only recently that the underlying mechanism has
been revealed. It was shown that multivalent antigens ef-
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ficiently cluster the BCRs and subsequently the clustered
BCRs initiate a positive feedback to boost Syk activation,
thus extricating the dependence on Src family kinases
within the membrane-proximal BCR signalosomes. In
contrast, monovalent antigens fail to induce BCR cluster-
ing, leading to more substantial requirements of both Syk
and Src family kinases [47].

The nature of IgG- versus IgM-BCR-induced sig-
naling

Several studies have compared the signaling cas-
cades of [gM-BCR-expressing mature naive B cells
and IgG-BCR-expressing memory B cells upon soluble
multivalent antigen binding in biochemical experiments

CD22

using either B-cell lines or primary B cells in vitro. Three
independent studies provided evidence for differential
BCR signaling in [gM-BCR- and [gG-BCR-expressing B
cells, which is due to the presence of the conserved cyto-
plasmic tail in mIgG [21, 48, 49]. One early study using
the B-cell lymphoma cell line, K46, reported a mecha-
nism by which the mIgG cytoplasmic tail dramatically
enhances BCR signaling by preventing CD22-mediated
inhibition [48]. This study suggests that the crosslinking
of IgM-BCRs but not IgG-BCRs induces the phosphor-
ylation of the immunoreceptor tyrosine-based inhibi-
tion motif (ITIM) in the cytoplasmic domain of CD22,
resulting in the recruitment of protein phosphatases,
including Src homology phosphatase-1 (SHP-1), and the
subsequent downregulation of ERK activation and intra-

cD22

—— F-actin

Figure 4 A simplified summary of IgG-BCR-intrinsic and -extrinsic factors that work together to enhance the activation and
differentiation of memory B cells. Most of the IgG-BCR-intrinsic and -extrinsic factors discussed in this review are depict-
ed in this cartoon to show their potential location and interacting proteins in enhancing the activation and differentiation of
IgG-BCR-expressing memory B cells, but not IgM-BCR-expressing mature naive B cells. IgG-BCR-intrinsic factors likely in-
volve the adaptor protein Grb2 recruited through the membrane distal ITT motif and the scaffolding protein SAP97 recruited
through the membrane-proximal SSVV motif of mlgG cytoplasmic tail. These IgG-BCR-intrinsic factors may be responsible
for the enhanced calcium responses through some unidentified mechanisms. IgG-BCR-extrinsic factors likely involve the tran-
scription factor Bach2, the expression of which is repressed in IgG-BCR-expressing memory B cells but not in IgM-BCR-ex-
pressing mature naive B cells. The repression of Bach2 in memory B cells is required for enhanced plasma cell differentiation

of these cells.
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cellular Ca** mobilization. The failure of IgG-BCRs to
activate CD22 leads to enhanced B-cell activation (Figure
4). These observations were also confirmed in WEHI-
279, BAL17, A20 cell lines and mouse spleen primary
B cells. Two later studies using B cells from Ig Tg mice
with IgM-BCRs or chimeric IgMG-BCRs with or with-
out CD22 deficiency showed that the mIgG tail enhanced
intracellular calcium responses upon BCR crosslinking
independent of CD22 [21, 49]. A possible explanation
for these inconsistent findings is that the loss of CD22
might be functionally compensated during B-cell de-
velopment in CD22-deficient mice, but not in cell lines
in which the expression of CD22 is knocked down.
Studies in mouse primary B cells showed that calcium
responses are significantly enhanced in antigen-stimu-
lated IgG-BCR-expressing memory B cells compared
to [gM-BCR-expressing mature naive B cells, although
no differences in ERK phosphorylation were observed.
Thus, despite the inconsistency regarding the function of
CD22 in the enhanced activation of memory B cells, it
appears clear that IgG-BCR-expressing memory B cells
show significantly enhanced calcium responses upon
multivalent soluble antigen binding (Figure 4), and this
enhanced effect depends on the conserved cytoplasmic
tail of mIgG [21, 48, 49]. By microarray-based transcrip-
tion profiling, Goodnow and colleagues found that the
transcription of as many as ~50% of the antigen-induced

Table 1 Genes that are strongly induced in IgM-BCR-expressing
B cells but not in mIgM-mIgG B cells upon BCR and antigen rec-

ognition
Gene name Annotation
Irf4 Interferon regulatory factor
uPAR Urokinase receptor
Mafk Transcription factor
Nur77 Nuclear receptor subfamily 4 group A member 1
Gfil Transcription repressor
Gaddl53 Growth arrest and DNA damage induced gene
Mydll6 Growth arrest and DNA damage induced gene
Snk Polo-like kinase
Tis7 Tetradecanoyl phorbol acetate-induced sequence
Cel3 Chemokine (C-C motif) ligand
Ccel4 Chemokine (C-C motif) ligand
Cer7 Chemokine receptor
Cer9 Chemokine receptor
Cds3 Cell surface lectin
IkBp NF-«B signaling regulator
Atf3 Cyclic AMP-dependent transcription factor
Atf4 Cyclic AMP-dependent transcription factor
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genes in IgM-BCR-expressing B cells was not increased
in cells which expressed engineered mIgM containing
the cytoplasmic domain of mIgG1 [49] (Table 1). Taken
together, these studies suggest that the cytoplasmic tail
of mlgG exerts a dual-role in the activation of B cells by
enhancing the transcription of some B cell genes while
suppressing others [21, 49].

The mechanism by which the cytoplasmic tail of mIgG
affects the outcome of antigen binding is of substantial
interest. As mentioned above, earlier studies provided
evidence that the mlgG tail is required for antigen recall
memory Ab responses [19, 20]. However, only recently
mechanistic explanations for this requirement were pro-
vided. The first evidence for a direct interaction of the
mlgG cytoplasmic tail with a component of the BCR sig-
naling cascade came from the study by Wienands and his
colleagues [50], which showed that a conserved Ig tail
tyrosine (ITT) motif in the cytoplasmic domain of both
mlgG and mlgE (Figure 2) was phosphorylated upon
IgG- or IgE-BCR crosslinking by multivalent soluble an-
tigens. The phosphorylated ITT motif recruits the adap-
tor protein Grb2, leading to the enhancement of calcium
responses and B-cell proliferation (Figure 4).

Using total internal reflection fluorescence-based
high-resolution high-speed live-cell imaging, we recent-
ly showed that the earliest events that occur following
antigen binding to the BCR are highly sensitive to BCR
isotypes [16]. By single-particle tracking, we found that,
as compared to IgM-BCRs, IgG-BCRs showed a dramat-
ically enhanced ability to oligomerize and the resulting
IgG-BCR microclusters grew more rapidly, ultimately
resulting in an increased recruitment of Syk to the im-
munological synapse and more robust calcium responses
[11]. Through extensive domain-swapping and muta-
genesis analyses, we found that 15 membrane-proximal
residues of the mlIgG tail conferred enhanced oligomer-
ization [11]. This 15-residue region does not contain the
ITT motif that is phosphorylated following [gG-BCR
crosslinking [50]. Alignment of the known sequences of
the cytoplasmic domains of mIgG from different species
shows a remarkably conserved SSVV motif at the mem-
brane-proximal region of the cytoplasmic tail of mIgG.
SSVV seems to be a partial match to type I postsynap-
tic density 95/disc large (Dlg)/zona occludens 1 (PDZ)
domain-binding motif, X-S/T-X-V [51, 52] (Figure 2).
However it shall be noted that SSVV is not a canonical
type I PDZ domain-binding motif as it does not contain
a C-terminal COOH group, and thus a binding mecha-
nism of the SSVV motif deserves further explorations.
In contrast, the tail of mIgE is different in this region
although it contains the ITT motif (Figure 2). Thus, our
studies revealed a previously unappreciated function of
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the membrane-proximal region of the mlgG tail in IgG-
BCR signaling (Figure 2).

We thus speculated that the membrane-proximal re-
gion of the mlgG tail binds to a PDZ domain-contain-
ing protein. Through a series of bioinformatics, mass
spectroscopy, phage display screening and fluorescence
lifetime imaging microscopy (FLIM)-based fluorescence
resonance energy transfer (FRET) analyses, we identified
a PDZ domain-containing protein synapse-associated
protein 97 (SAP97, also known as DLG1 or DLGH1),
a member of the conserved membrane-associated, gua-
nylate-kinase (MAGUK) family, as a potential bind-
ing partner of the mlgG tail [15] (Figure 4). Little was
known about the function of SAP97 in B cells. In neu-
rons, SAP97 has been shown to bind to the cytoplasmic
tails of neuronal N-Methyl-D-aspartic acid (NMDA)
and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors, and thus plays key roles in con-
trolling receptor density and signal strength at neuronal
synapses [53].

We showed that [gG-BCR immune synapse recruited
more SAP97 as compared to [gM-BCR immune syn-
apse [15]. More importantly, SAP97 knockdown greatly
diminished the ability of IgG-BCRs to oligomerize, the
growth of the resulting clusters, and the recruitment of
kinases, but had no effect on the function of IgM-BCRs.
Intriguingly, studies of the kinetics of antigen-driv-
en BCR cluster growth in WT and SAP97-deficient
IgG-BCR-expressing B cells showed that SAP97’s
function was not required in early BCR signaling when
oligomerization and initial clustering occurred (before 5
min), but became essential for efficient clustering sub-
sequently (unpublished observations from Xu and Liu).
These results lead us to propose that SAP97 serves as a
scaffolding protein to stabilize the antigen-driven forma-
tion of IgG-BCR oligomers and to facilitate the assembly
of the BCR signalosome. It will be interesting to further
determine how SAP97 functions in IgG-BCR signaling.

Memory Ab responses of Grb2 and SAP97 knock-
out (KO) mice

Taken together, the above evidence indicates that
Grb2 and SAP97 enhance the activation of [gG-BCR-ex-
pressing memory B cells, with Grb2 being recruited to
the conserved phosphorylated ITT motif in the mem-
brane-distal region of mIgG and SAP97 being recruited
to the conserved SSVV motif in the membrane-proximal
region of mIgG (Figure 4). What effects do B cell-spe-
cific deficiencies of Grb2 and SAP97 have on memory
Ab responses? For Grb2, Jang IK et al. [54] produced
B-cell lineage-specific Grb2 KO mice by crossing Grb2-

floxed mice to CD19-Cre mice (Grb2-CD19 KO mice) ,
while Ackermann et al. generated B-cell lineage-specific
Grb2 KO mice by crossing Grb2-floxed mice to mb1-Cre
mice (Grb2-mbl KO mice) [55]. Both types of B-cell
lineage-specific Grb2 KO mice showed normal develop-
ment of Pro-, Pre-, immature, marginal, and B1 B cells,
with significantly reduced peripheral T1, T2, and mature
B cells. Both immature and mature B cells from Grb2-
CD19 KO mice showed enhanced proliferation upon
anti-IgM or lipopolysaccharide (LPS) stimulation, while
only immature but not mature B cells from Grb2-mbl
KO mice showed such enhanced proliferation. B cells
from both lines showed enhanced calcium responses
and reduced phosphorylation of CD22. Moreover, Grb2-
CD19 KO B cells showed significantly enhanced phos-
phorylation of PLCy2, ERK, c-Jun N-terminal protein
kinase (JNK) and p38 signaling molecules, while Grb2-
mbl KO B cells showed normal phosphorylation of ERK
and p38, and attenuated phosphorylation of JNK. These
biochemical analyses suggest that Grb2 most likely at-
tenuates rather than enhances IgM-BCR signaling activa-
tion, consistent with the reported function of Grb2 in the
literature [56, 57].

After immunization with T-dependent antigens, both
types of Grb2 B cell KO mice showed impaired GC for-
mation and thus fewer IgG-producing cells in the spleen.
Both types of mice showed normal primary Ab respons-
es. However, Grb2-CD19 KO mice showed normal sec-
ondary IgG responses and normal generation of high-af-
finity antibodies, while Grb2-mb1 KO mice showed im-
paired secondary IgG responses. These inconsistencies in
memory responses but not in primary Ab responses may
be caused by the different types of immunogens used
in immunization experiments. In the experiments with
Grb2-CD19 KO mice, model hapten antigen NP30-KLH
pre-precipitated in standard adjuvant alum was injected
into mice intraperitoneally in primary immunization and
NP30-KLH in PBS without adjuvant was used in anti-
gen recall immunization. In the experiments with Grb2-
mbl KO mice, HCMV strain AD169-based virus-like
particle (VLP) in PBS was injected intravenously in both
primary and antigen recall immunization. As the form
of antigens may significantly affect the requirements for
the activation of B cells and the subsequent Ab respons-
es as discussed above, it is perhaps not surprising to see
these inconsistencies. Taken together, these two studies
suggest that complicated and sophisticated molecular
mechanisms are involved in the generation of memory
Ab responses.

It will also be of substantial interest to determine the
role of SAP97 in memory Ab responses in vivo. Based
on our results in vitro, showing that SAP97 is required
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for the enhanced responses of IgG-BCR-expressing B
cells, we hypothesize that SAP97-deficient B cells may
not be able to survive GC reactions or perhaps more
likely that SAP97-deficient B cells would not be able to
compete with WT B cells in GC reactions. A recent study
by Hawkins et al. [58] investigated SAP97-deficient
(SAP97/Dlgl KO) fetal liver chimera mice in which both
B and T cells were reconstituted. B cells proliferated nor-
mally in vitro in response to LPS, or anti-CD40 and IL-4.
Moreover, these mice showed no significant deficiencies
in primary or secondary Ab responses, although these
SAP97-deficient mice tended to produce less high-affin-
ity Abs in secondary responses. These findings suggest
that SAP97-deficiency does not block B cells from pro-
ceeding through GC reactions, and instead SAP97-de-
ficient B cells likely would fail to compete with WT B
cells in GC reactions. Indeed, in mice that carry targeted
Ab genes with low or high antigen-binding affinity to NP
hapten antigen, low- and high-affinity B cells have the
same intrinsic capacity to respond to antigen, but only
high-affinity B cells accumulated in GCs when limited
numbers of low- and high-affinity B cells were co-trans-
ferred into WT recipient mice [59]. Thus, we predict that
in chimeras with both WT and SAP97-deficient B cells,
only WT B cells would produce high-affinity memory
B-cell responses.

The role of IgG-BCR extrinsic effects in memory
Ab responses

Although it appears clear that intrinsic features of
the IgG-BCR contribute to Ab memory responses, it is
likely that other features of memory B cells will also
contribute to Ab memory. This issue was recently ad-
dressed by Kurosaki and colleagues who convincingly
demonstrated that the pre-antigen experience-induced
repression of the Bach2 transcription factor contributes
to the heightened differentiation activity of IgG1 mem-
ory B cells [60]. In their studies, the authors used an
elegant mouse model system of C1-Cre micexinducible
diphtheria toxin receptor (iDTR) mice to specifically
deplete the IgG1-BCR-expressing B cells. As expected,
these mice were unable to mount antigen recall IgG1 Ab
responses. Since antigen-experienced IgM-BCR-express-
ing B cells are intact in these mice, the authors conclud-
ed that IgG1-BCR-expressing memory B cells are the
major source of the memory Ab responses [60]. Using
an adoptive-transfer mouse model, they observed that
IgG1-BCR-expressing memory B cells showed a higher
propensity to differentiate into plasma cells compared to
IgM-BCR-expressing mature naive B cells, consistent
with the observation from earlier studies [61-63]. The au-
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thors then asked: what is the behavior of IgG1-BCR-ex-
pressing B cells that have never encountered cognate
antigens? The authors created IgG1-BCR embryonic
stem cells (ESCs) by nuclear transfer from endogenous
NP-specific IgG1-BCR-expressing B cells derived from
C57BL/6 mice, and used one such ESC line to generate
chimeric mice. These chimeric mice contained NP-spe-
cific IgG-BCR-expressing B cells that have never en-
countered the cognate antigen (termed IgG-BCR-ESC
B cells) [60]. By adoptive transfer experiments, they
showed that NP-specific IgM-BCR-expressing B cells
and IgG-BCR-ESC B cells undergo predominantly GC
reactions rather than differentiation into plasma cells,
suggesting that the expression of [gG1-BCR on the B cell
surface alone probably cannot account for the heightened
capacity of memory B cells to differentiate into plasma
cells. Indeed, this speculation was further supported by
the observation that the antigen-experienced IgG-BCR-
ESC B cells differentiated more readily into plasma cells
compared to antigen-inexperienced [gG-BCR-ESC B
cells [60].

The differentiation of B cells into plasma cells is un-
der the control of transcription factors with opposing
effects. It is known that the expression of Blimp-1, IRF-
4 and XBP-1 is upregulated and required for plasma cell
differentiation [64-66], while the expression of other
transcription factors including Pax5, Bach2 and Bcl-6 is
suppressed in plasma cells [67-69]. In an earlier study,
Luckey et al. [70] examined both the up and downregu-
lated transcripts of memory B cells compared to naive,
GC B cells and plasma cells. Their study suggests that
the changes in gene expression profiles are surprisingly
shared between memory B cells, memory T cells and
long-term hematopoietic stem cells, suggesting a com-
mon molecular mechanism of self-renewal in all cases.
Similarly, Bhattacharya et al. [71] examined the tran-
scription profiles of mouse naive, GC, memory B cells
and plasma cells. They showed increased expression of
AID, chemotactic receptors, co-stimulatory molecules
and several anti-apoptotic genes in memory B cells. A
recent study by Kurosaki and colleagues showed that re-
duction of Bach2 in IgG1 memory B cells promotes their
differentiation into plasma cells [60] (Figure 4). Bach2
might not be the only IgG-BCR-extrinsic transcription
factor that works to enhance memory immune responses.
For example, expression of either Kriippel-like factor
(KIf) 2 or Ski, two transcriptional regulators specifically
enriched in memory B cells relative to their GC pre-
cursors, imparts a competitive advantage to BCR- and
CD40-engaged B cells in vitro [71]. Tomayko et al. [72]
suggested that memory B cells have increased expression
of genes important for the regulation of adenosine signal-
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ing and cAMP responses. Furthermore, memory B cells
upregulate receptors that are essential for ESC self-re-
newal [72].

The differences in gene expression profiles between
human naive and memory B cells have also been char-
acterized [73-78]. For example, Tangye and Good [78]
reported that compared to naive B cells, memory B cells
that were isolated from human spleen expressed lower
levels of KlIf4, KIf9 and promyelocytic leukemia zinc
finger (PLZF), and other transcription factors that are im-
portant in maintaining cellular quiescence. Interestingly,
all these genes are those that would be downregulated
after B-cell activation through CD40 and the BCR. En-
forced expression of Klf4, KIf9 and PLZF in memory B
cells delayed their entry into cell division and reduced
the number of proliferating cells [78].

Summary and future perspectives

Here we summarized the evidence that IgG-BCR-ex-
pressing memory B cells show enhanced immune
activation upon antigen re-encounter and that the en-
hanced differentiation toward plasma cells is due to
both IgG-BCR-intrinsic and -extrinsic features. BCR-in-
trinsic mechanisms likely involve both the adaptor
protein Grb2 and the scaffolding protein SAP97, which
function through the membrane-distal ITT motif and
the membrane-proximal SSVV motif in the mIgG cyto-
plasmic tail, respectively. Memory B-cell-intrinsic, but
[gG-BCR-extrinsic, mechanisms involve transcription
factors such as Bach2. It is likely that other yet uniden-
tified factors also contribute to the enhanced activa-
tion of memory B lymphocytes. Such factors could be
IgG-BCR-intrinsic or -extrinsic or even extrinsic to the
memory B cell itself, but at some degree relying on the
microenvironment. The identification of these intrinsic
and extrinsic features in regulating the activation and
differentiation of IgG-BCR-expressing memory B cells
will aid in our understanding of the intriguing nature of
acquired immunological memory. Such information will
also hopefully benefit efforts in developing vaccines to
prevent the pandemics of AIDS and malaria.
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